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CHAPTER  Til  -  CALC l' LAI  ISO  THE  HEAT  LOST  TO  THK 
WALLS  PURI  NO  jiUKS  lNO  OF  _  POM>LU  IS  AjCI .Jsi.U  OHAVLLK 

When  powder  is  burned  in  a  closed  chamber  (in  a  bomb),  a  portion 
of  the  heat  energy  is  lost  on  heating  the  walls  of  the  bomb.  As  a 
result,  the  pressure  pra  developed  by  the  gases  is  somewhat  lower  than 
the  theoretical  pressure;  the  latter  would  be  obtained  if  all  the 
thermal  energy  emitted  during  the  combustion  of  .the  given  powder  were 
utilized  to  increase  the  pressure  of  the  gases. 

This  loss  of  heat  depends  on  a  number  of  loading  factors. 

Experiments  conducted  by  professor  S.P.  Vukolov  in  the  Naval 

*  ■> 

Technical  Research  Laboratory  back  in  1895  and  1896  had  shown  that 
at  Z1  -  0.20  the  pressures  pa  developed  in  a  standard  bomb  and  in  a 
bomb  whose  interior  surface  was  lined  with  a  thin  layer  of  nonconduct ive 
mica  were  different.  The  resultant  pressures  were:  2033  kg/cm2  in 
the  boob  without  the  mica  layer  and  2202  kg/cm2  in  the  bomb  containing 
the  mica,  the  difference  -  169  kg/cm2  -  comprises  about  8%. 

It  was  stated  previously  (in  the  theory  of  powder  combustion),  in 
the  discussion  of  problems  relating  to  powder  ignition  in  a  gun, ‘that 
the  contact  of  the  powder  grains  with  the  cool  surface  of  the  chamber 
slows  down  the  ignition  process. 

The  following  simple  experiment  in  the  open  air  will  show  this  to 
be  true.  If  a  strip  of  powder  is  clamped  vertically  in  a  locksmith’s 
metal  vise  and  ignited  from  the  top,  the  process  of  burning  will  be 
arrested  .upon  reaching  the  vise.  The  strip  will  be  extinguished 
because  a  considerable  portion  of  the  heat  is  taken  up  by  the  cold 
met  ;'l . 
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it  is*,. known  that  a  nonsimul taneous  ignition  distorts  the  initial 
J* h  a  p  e  of  the  grain  atid  causes  deviations  from  the  ideal  law  of 

*  •  "i. 

combustion.  Consequently,  the  transfer  qf  heat  to  the  walls  should 
have  an  effect  not  only  on  the  magnitud^ of  pressure,  but  also  on 
the  character  of  its  development. 

By  disregarding  losses  in  a  bomb  due  to  heat  transfer,  we  commit 
an  error  in  the  determination  pffl  and,  consequently,  error  in  the 
magnitude  of  energy  f  and  covolume  a  determined  on  tjjhe  basis  of 
experiments  with  a  manometric  bomb. 

In  view  of  this  heat  transfer,  Nobel's  formula  will  hold  true 
for  pressures  above  1000  kg/qm^.  At  lower  pressures,  corresponding  * 


to.  charging  densities  of  A  <0.10,  the  points  in  the  diagram 


rm 


versus  p  will  fall  below  the  straight  line  relationship  expressed 
0) 

»  '  /'  * 

P 

by  the  known  equation  •  f  4  ap  . 

Systematic  experiments  conducted  by  assistant  A . I .  Kokhanov  in 

1933*;'  at  charging  densities  of  from  0.015  to  0.20,  have  shown  that  a  . 

hyperbolic  curve  abc ,  approaching  asymptotically  the  straight  line  de 

PB 

(fig.  1C),  is  obtained  in  the  system  of  coordinates  —  ,  p  instead 

A  m 

of  a  straight  line.  The  smaller  the  value  of  A  ,  the  greater  is  the 
deviation  from  the  theoretical  relationship. 

The  results  obtained  in  determining  the  powder  energy  f  and 
covolume  a  may  therefore  differ,  depending  on  the  charging  densities 
at  which  the  tests  were  conducted.  The  higher  the  value  of  A  ,  the 
greater  will  be  the  magnitude  of  f  and  the  smaller  the  covolume  a 
(points  b  and  c) .  And,  conversely,  small  values  of  A  should  produce 
a  small  energy  and  a  large  covolume  (points  a  and  b) . 
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Our  experiments  have  also  disclosed  the  following. 

If  a  powder  of  the  same  composition  but  of  different  thickness 
is  burned  in  a  bomb  at  the  same  value  of  a,  the  maximum  prescure  p 

m 

will  be  the  lower  the  thicker  the  powder*  Therefore,  the  energy 
produced  by  thick  powders, . determined. without  taking  the  heat  losses 
into  consideration,  will  also  be  the  smaller,  the  thicker  the  powder. 
This  can  be  explained  by . the  fact  that  a  thick  powder  burns  longer 
and,  consequently,  a  larger  portion  of  the  heat  is  transmitted  to  the 
walls  of  the  bomb. 

If  an  identical  powder  is  burned  at  the  same  A  in  bombs  of 
different  sizes,  the  value  of  p  -will  be  higher  In  the  larger  bomb, 
because  the  surface  per  unit  weight  of  powder  charge  is  smaller  in 
the  larger  bomb,  and  hence  the  heat  losses  will  be  smaller  in  it. 

All  of  these  fact?  confirm  the  presence  of  cooling  through  the 
walls  of  the  bomb.  The  considerable  number  of  tests  conducted  by 
various  investigators  made  it  possible  to  determine  quantitatively 
the  corrections  to  be  Introduced  in  the  charging  of  powders  of  various 
thickness  under  different  conditions  of  loading,  in  order  to  obtain 
pressures  corrected  for  heat  transfer.  Although  these  corrections 

are  not  final,  nevertheless  their  introduction  served  to  explain  the 

_ _  *  • 

phenomena  discussed  above-;  Miuraur's  correction  may  be  considered 
to  be  the  best  founded  among  corrections  of  this  type. 
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Fig.  16  -  — as  a  Function  of  p^,  According 

to  Kokbanov. 

According  to  Miuraur  the  heat  loss  through  transfer  is  pro¬ 
portional  to  the  number  of  collisions  between  the  powder  gas  molecules 
and  the  walls  of  the  bomb,  and  th*.s  number  is  in- turn  proportional 
to  the  surface  of  the  bomb  S/ ,  pressure  p  and  time  t.  For  a 
fluctuating  pressure,  the  loss  is  proportional  to  and  ^pdt.  Also, 
because  Jpdt  does  not  depend  on  A,  the  loss  of  heat  AQ  through 
the  surface  of  walls  is  constant  for  any  powder  charge  to  orcA  . 

This  was  confirmed  by  Miuraur  who  conducted  tests  at  different 
values  of  A.  Inasmuch  as  the  total  quantity  of  the  heat  evolved  is 

proportional  to  the  weight  of  the  charges,  the  relative  loss  — — 

Q 

is  inversely  proportional  to  u>  or  A.  Consequently,  is  pro- 

S6  (  Q 
portional  to  ~£J~  J 

The  magnitude  of  maximal  pressure  at  a  given  value  of  Ais 

\ 

governed  by  the  volume  of  the  bomb(*).  Actually,  an  n %  pressure 


(*)  Consequently,  magnitudes!  and  a  will  also  depend  on  the  volume 
of  the  bomb  in  which  the  combustion  takes  place,  while  the  magnitude 
of  J  pdt  should  not  change  because  of  cooling  through  the  walls  of 
the  bomb.  ^ 
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drop  „en tails  a  corresponding  prolongation  of  the  period  of  burning; 
tho  curve  p,t  becomes  distorted,  but  the  area  ^  pdt  remains  unchanged. 

All  this  was  checked  and  verified  by  our  tests  with  bombs  of 

different  sizes.  The  following  important  deduction  can  be  reached 

el 

from  the  above;  the  rate  of  burning  u,  -  — = - can  be  determined 

with  the  same  degree  of  accuracy  in  both  large  and  small  bombs, 
regardless  of  the  heat  lost  through  the  walls. 

Experiments  for  calculating  heat  losses.  For  quantitative 
determination  of  heat  losses  ttiuraur  conducted  experiments  at  A  ■  0.20 
in  a  bomb  measuring  150  cn^  by  volume.  In  one  case  the  powder  was 
burned  under  normal  conditions,  and  in  another  a  steel,  trough-shaped 
insert  with  projections  or  ridges  was  inserted  into  the  bomb  in  such 
a  manner  that  its  exterior  surface  did  not  come  in  contact  with  the 
surface  of  the  bomb  (fig.  17). 

In  the  first  instance,  when  the  cooled  surface  was  equal  to 
the  surface  of  the  bomb  ,  the  obtained  pressure  was  p^ ;  in  the 
second  case,  when  the  cooled  surface  S2  was  larger,  i.e.,  when  it 
consisted  of  the  surface  of  the  bomb  and  the  surface  of  the  insert 

(S0  -  S*  +  the  resultant  pressure  p  was  lower.  The  pressure 

difference  Ap  •  pj  “  p2  resu^te<^  *n  consequence  of  the  surface  area 
difference  S2  -  Sj  -  sbk/T 

In  order  to  determine  the  pressure  in  the  absence  of  cooling, 
calculations  were  made  of  such  an  increment  Ap*,  which  corresponded 
to  a  change  in  the  surface  area  AS  equal  to  the  surface  area  of  the 


bomb  S; : 


AP. 


S 

BKfl 


or  ap’ 


s* 

AP  -  * 

*  SBKJ1 
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In  (his  manner,  pressure  +  Ap '  would  correspond  to  the 

surface  S  -  0,  i.e.,  It  would  correspond  to  the  condition  in  which 

losses  due  to  heat  transfer  were  absent. 

Know  inkj  and  A  p ' ,  Miuraur  determined  the  relative  correction 

for  heat  transfer  -AEL.  .  which  was  equal  to  in  a  constant 

P  P  Tx 

volume . 

Such  tests  conducted  with  a  largo  numbor  of  powders  of  varied 

thicknesses  and  properties  established  the  significant  dependence  of 
APm 

pressure  losr* - on  the  time  of  powder  burning  at  A  ■  0.20,  the 

Pm  2 

magnitude  /to  in  these  tests  being  equal  to  7.774  cxor/g  -  77.74  dra2/kg 

The  experiments  were  conducted  with  cylindrical  crushers*  '  Very 

strong  igniters  of  gunpowder  were  used  to  determine  the  actual  powder 

burning  time  tk.  The  igniters  developed  a  pressure  of  pn  250  kg/cm2,. 

which  provided  the  crusher  with  small  residual  compression. 

The  obtained  data  wap  plotted,  and  the  curve  - S-X,  or  - % 

Pm  Tx 

as  a  function  of  the  time  of  burning  tk,  was  termed  "curve  C" 
it  ig.  18)* 

In  order  to  determine  the  losses  due  to  heat  transfer  under 
conditions  other  than  those  discussed,  the  powder  must  first  be 

tested  at  A  -  0.20  and  the  time  of  burning  t^  found,  and  the  magnitude 

£.Pr  > 

C  -  - then  determined  from. curve  C.  Losses  under  other 

M  Pm 

conditions  (in  a  different  bomb  and  at  a  different  density  oi  loading), 
can  be  found  by  means  of  the  following  formula: 

L)  P_J  AT  Cu%  Sv  Cu%  8,  1 

— £  -  -  -  — - -  -  -i. - L -  (17) 

p«  T1  7.774  w  7.774  WQ  A 

C y  depends  on  the  thickness  and  nature  of  the  powder,  w  bile  Srf/W0 
characterizes  the  relative" surface  of  the  bomb  (exposed  surface  of 
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uomb)  and  can  be  calculated  as  the  exposed  surface  of  a  unilora 
cylinder  .(2e  j  •  d  ,  I  •  »v.  I  h  -  2o)  ;  ^characterizes  'nr  coniln  Ums  of  io.-.i  s  ; 


°  S  'l  2  4  d  -1  i 

w0  ‘‘l  d  :  2  d  :  jy  d  c* 

The  relative  surface  of  the  bomb  diminishes  ab  the  diameter  d  and 
length  2c  are  increa*>ed.  When  volume  Wq  is  increased  8  times,  Stf /w^ 
diminishes  approximately  by  one  half.  ^ 

Formula  (17)  sho*vs  that  in  a  Riven  bomb  Increases  as  A  is 

p»  /  i 

reduced  and  hence  the  losses  are  particularly  hi r/i  at  low  values  of  A 


low  values  of  A 


urn.  m  n 


I  -  ••  , . _ 

. J  .  L.  _ j 

Figf.  17  -  Test  Arrangement  Fig.  13  -  Curve  C, 

for  Calculating  Losses  due  Characterizing  the  Losses  Due 

to  Heat  Transfer.  to  Heat  Transfer  (according 

to  Miuraur) . 

Ordinate;  pressure  loss  in  %;  • 
abscissa:  milliseconds;  1) 
curve  "C." 

Large  igniters  are  not  necessary  when  working  with  conical 

crushers,  because  almost  instantaneous  Ignition  results  at  the  low 

value  of  n  »  100-120  kg/cm^. 

‘  h 

Therefore,  Miuraur's  data  cannot  be  directly  applied  to  our  test 
results  and  to  powder  tests  for  determining  heat  transfer,  without 
conducting  special  tests.  However,  using  the  theoretical  formula  as 
a  basis,  it  is  possible  to  compute  the  burning  time  at  A  -  0.20  and 
pB  »  250  kg/cm^  and  to  determine  the  order  of  the  coefficient  values 
Cid  f  or  powders  of  various  thicknesses,  in  order  to  introduce  the. 
necessary  correction  for  heat  loss. 


&  *  -■  ~  wiu  . » 


The  table  presented  below  contains  the  results  of  such  calculations, 
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ubtaiJM'd  Iron;  curvf  C. 


was  determined  from  formula: 

t,  -  2.303r  loc  b:  , 

k  Pa 

where 

r  -1  1  -  34  °1  1 

ui  tA  ui  p„ 


(for  a  powder  with  a  constant  burning  surface  area)  (Table  8). 

Table  8  -  Values  of  coefficient  CM  for  pyroxylin  ponders 


Thickness  of  powder 

2ej  in  mm 

0.30 

0.30 
f legs. 

0.40 

^  • 

1.00 

2.00  .  4.00 

>>  •  ! 

Rate  of  combustion  Uj 

dDi  :  .  107 
sec  dm2 

90 

70 

80 

75 

72  j  '62 

! 

1 

i 

Coefficient  i 

1  V 

1 

1220 

950 

813 

305 

146  69 

.  ! 

,  ■:  »  v  if"-' ; 

j Burning  tine  in  milliseconds, 
i  at  L  -  0.20  and  pQ  -  250  kg/cm2 

1.76 

2.26 

2.64 

BB 

| 

14. S  31.0 

.  . j 

Heat  transfer  coefficient 

CM  in  % 

B 

mm 

JJjjjjj 

5.0  6.1  ■ 

1  1 

Corrections  for  heat  loss  during  burning  of  powder  in  a  bomb 
can  be  introduced  by  the  aid  of  this  table. 


Let  us  introduce  the  correction  for  heat  loss  when  determining 
f  and  cl. 

We  shall  assume  that  tests  were  conducted  with  a  bomb  having  a 

' 

volume  Wq  •  78.5  c»  at  two  loading  densities  -  0.15 

and  L.2  “  0.25.  The  powder  is  1  mm  thick. 
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RSI 


l  Aai'.vi, 


— Msmmixik 


I 

:'i‘lil 


P*1  •  1435  k&/cm  *  Pu»2  "  2760  kc/cm2,  P„l2  -  Pmi  "  1325.  We 
determine  f  and  a  without  taking  the  heat-transfer  losses  into 


consideration: 


-  9570,  -pt  -  11,020;  -2Z  -  -fi  -  1450. 


pm2  _  pml 
"^2  ~  A1 


a  -  i43®  -  1.096  dm3/kg 
1325 


f  -  957,000  -  1.096  •  143,300  -  800,000  kg-dm/kg. 

We  now  introduce  the  correction  for  heat  losses  in  pressures  pmj 
and  Pm2 •  *n<1  determine  the 'corrected  values  of  energy  fQ  and  covolume 


A  Pa  ^  l  CM% 

~P^~  7.774' 


According  to  the  table,  CM  -  4%. 
Fclr  a  bomb  of  volume  WA  »  78.5  cm' 


?L  1 

w0  7.774 


s 

~  -  1.30  ca2/ cm3 . 


-  0.1673;  0.1673  *  4  -  0.6692. 


\%  QvF°  P»  f  AP»1  “  0,6692  *  9570  "  64  kg/cm 

m  l””  a  1 ft  g?ct\n  .  n  n^n  _  <7 /<  1a ~  /« ...2 


^P*  "\w0  7.774  A  [  APb2  -  0.6692  •  11,040  -  74  kg/c 


+  APbj  "  1435  +  64  -  1499  kg/cm3  -  10,000; 

\  n  PaiO 

“  p«2  +  Ap»2  ■  2700  +  74  "  2834  ke*/ca  ~K  "  11  #  340 
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Pm2  -  Pu’i  •  1335  keA^2; 

I  • 

Pm  2  pml 


^2  ^1 


-  1340 ; 


a  -  l3^  -  1.004  din3 /kg  ~  1.00, 

/■v  i  /\  r\  r 


0  1335 


f  -  1,000,000  -  1.004  *  1499  -  849,500  kg-dm/kg  -  850,000  kg-dm/kg 
0 

As  can  be  seen  from  the  above  results,  the  introduction  of  a 
correction  for  the  heat  lost  has  increased  the  energy  of  the  powder 
from  f  «  800,000  to  850,000  kg-dm/kg,  i.e.,  by  6.25%,  and  reduced  the 
magnitude  of  covolumo  from  1.096  to  1  dm3/kg,  i.e.,  by  9.6%. 

3 

The  same  powder  burned  in  a  bomb  having  a  volume  of  25.25  cm  ,  and 

at  the  same  loading  density,  will  give  pBj  -  1405  kg/cm3  and  pm2  ■  2725 
2 

kg/cm  .  On  the  basis  of  this  data,  the  resultant  magnitudes  of  energy 
f  and  covolume  a  will  be: 


f  -  774,000  kg-dm/kg 


and  a  -  1.16  dm3/kg, 


For  this  bomb 


-  2/3 


-1.89  chi  /c 


m 


Corrections  in  pressure  for  heat  transfer  will  be  as  follows: 

2  o 

ApBl  •  95  kg/cm  and  Ap»2  "  110  ; 

f  -  850.000  and  a  -  1.00. 

In  this  way,  magnitudes  f  and  a  for  a  bomb  of  small  volume  arc 
obtained  with  a  larger  percentage  of  error:  the  energy  will  be 
F-TS-7327-RE  93. 


>-♦**  ■2b*'*-*!**—  v  **•* 


'AW*' 


0/1 


*■  **•"■»*£  , 


A 

v*id- 


smaller  and  the  covolume  will.be  higher  than  their  true  values. 

As  shown  by  Kokhanov’s  experiments,  these  errors* are  extremely 
large  for  very  low  loading  densities  and  thick  powders. 

The  introduction  of  corrections  for  heat  transfer  losses  by  the 

» v  / 

• 

above  Method  provides  practically  identical  values  of  f  and  a  for  all’ 

--  p 

loading  densities,  and  transforms  the  hyperbola  - £1,  p  obtained  in 

’  Am 

Kokhanov's  experiments  into  a  straight  line,  as  it  should  be  * 

•  S, 

The  table  presented  below  lists  values  of  magnitudes  ~  and 


•-w  T7 m 

"o 


for  aanometric  bombr  of  the  most  typical  dimensions  (Table  9) . 


Table  9 


»©*  c*‘ 


21.8  25.2578.5  120  146.5216  Krupp’s  3320  bomb 


2.2  3.0  4.4  4.4 


3.0  4.4 


-  2.1?  1.89  1.30  1.16  1.48  1.05 


0.53 


•  7.774 


0.279  0.243  0.1673  0.1495  0.184  0.135 


0.0682 


Curve  Cg  is  expressed  as  a  function  of  the  burning  time  t^  of 
*“  powder  at  A  -  0.20. 

Inasauch  as  the  burning  time  of  powder  t  is  directly  proportional 

1  * 

to  the  total  pressure  impulse  ^  pdt,  the  dependence  of  C  as  a 

0  . 

function  of  1^  can  be  plotted  independently  of  the  loading  density. 

a 

Work  of  this  type  was  conducted  by  Sanarina  at  the  Naval  Artillery 

Research  Institute  in  1938,  at  which  time  experiments  were  repeated 
with  bombs  with  and  without  steel  inserts.  The  pressure  was  recorded 
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A  p 

by  means  of  conical  crushers.  The  values  of - — %  -  C.%  were  plotted 

Pm  .. 

as  a  function  of  1^.  (fig.  19)..  The  form  of  the  curve  differs  some¬ 
what  from  curve  Cy^t^.  ’  / 


•  •<«  •\—-- 


Fig.  19  -  Curve  CA,  Characterizing  Losses  due  to  Heat  Transfer 
(according  to  the  Haval  Artillery  Research  Institute  data). 

Bomb  tests  for  determining  f  and  a  involve  heat  losses  in  the 

form  of  heat  transfer  to  walls  of  the  bomb,  and,  therefore,  pressure 

and  [>2  contain  an  error  in  their  determined  values,  <^p^  and  Sp^ 

being  inversely  proportional  to  magnitudes  1  -  aA.  and  1  -  aA?,  and 

6p2  ><$PX;  but  -p—  >  — ?  because  -£-%  -  —  ~  where  C 

1  H1  ?2  P  10  A  7.774  * 

is  the  heat  transfer  coefficient. 

Corrections  for  heat  losses  in  the  powder  energy  t  and  the 

magnitude  of  covolume  can  be  determined  after  introducing  corrections 

for  heat  losses  in  the  values  of  pressures  p  and  p„,  by  adding  the 

1  •  ^ 

equalities  (7),  (8),  (9)  and  (10),  taking  into  consideration  equality 
(a)  (see  Chapter  II): 

<Jf  -  if  +  6f2  -  — - -  - - - jT^Po^Pi  ’  P?iP2>  " 

^2-i<p2~pi>2  2ap;  \2 


«  ^2  "  P2  Pi  p2&Pl  -  p?&P2  ^ 
^  .  P2  -  Pi  A2  V  (p2  ‘  Pl)p2pl 
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P1  "Pl  P2 
P2  -  P1 


GRAPHIC  NOT  REPRODUCIBLE 


* 


Finally, 


Baa  :: 


if 

1 


*P1  ^2 
P2  ~1  '  ?1  ~2 


(18) 


p2  *'  P1 


<$ct  » 


+  <Joi2-  - — - 


<P2  “  pl>2 


'-(P2^pi  “  pl^p2^'  " 


•  —  f 


fiiv\  ~  pljp2 
(P2  -  PX)P1P2 


-  f 


<5pi  ip* 


Po  ~  Pi 


(19) 


Vhe&  the  corrections  for  heat  transfer  are  taken  into  account 


dp  %  .  CM%  S<f  1 


7.774  A 

0  • 


Srf 


For  a  given  powder,  CM  -  const,  and  for  a  given  bomb,  —  •-  const, 

*0 

only  A  changes.  \ 

Designating 


V  s« 

7.774  W.* 


“  D, 


we  get 


— ip* 


Pi  AX 


*2 


Substituting  these  expressions  in  formulas  (18)  and  (19),  we  obtain: 


d  (Zi-Zi) 

Jt  .  .  '  Al.  A*  ' 
%  "  - 


P2  -  PL 


(20) 
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f*  !■ 

-  -  •  v;  .•  < 


!i 


pr 


-  -  fD- 


Ao 


2 

f  D 


P2  "  P1 


(21) 


Pr 


Let  us  apply  the  example  presented  above. 

Example ♦  1  min  thick  nowder  is  burned  in  a  bomb  having  a  volume 

'  q 

of  78.5  cro  ;  the  powder  coefficient  is  Cy  ■  4%;  'and  the  value  of 


2/3 

-  for  this  bomb  -  1.30  cm  /era  . 


W. 


S Cy% 


W^  7.774 
0 


0.1673  •  4  -  0.6692%  -  0.006692  -  D. 


A.  •  0.15;  p  «  1433;  —  -  9570 

1  1  Aj 

P2 

a  *  0.25;  p  -  2756;  —  •  11.020 

2  2  i  *2 


Without  correction  for  heat 
transfer  losses 
f  -  800,000  kg-dm'kg; 

O 

a  ■*  1.096  dm  /kg. 


We  shall  now  calculate  the  corrections  for  f  and  a  taking  the  heat- 


transfer  into  account:  ' 


&1% 


2756  _  1433 
0.15  0.25 

-  0.6692  -  -  0.6692  --8,35°  ~  57 3  P  ■  -  6.43; 

2756  -  1433  1323 


fQ  -  f  ^1  +  800,000  *  1.064  -  852,000  kg -dm/kg ; 

4a _ *2  •  D  .  -  ^000^^006692 _ oaog5. 

pxp2  143,300  •  275,600 

aQ  -  a  +  6a  -  1.096  V  0.1085  -  0.9875  0.99. 
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,,  ■-  CHAPTER  IV  -  TKS  LAW  OP  GAS  FORMATION 

'  !r  .  ,  ■  ■  ■«—  .  —  ■--"■■■  m  ■  ■  ■ "  -  ■  •  —  '  ■  ■ 

■  .-.TV  1.  DEFINITION 

,  .  The  study  of  the  law  of  gas  formation  under  the  simplest  conditions, 
;  "in  a  constant  volume,  permits  the  application  of  the  obtained  relation- 

^  5  'Ships  to  the  determination  of  pressure  in  the  bore  of  a  weapon  when  the 

*  ”  *  ?•  *  '* 

-  rJguh  is  fired,  i;e.,  under  conditions  of  variable  volume. 

~  .r*  . ..  The  general  pyrostatics  formula' 


p^,  ■ 


feu* 


*0  -  t  -  (°  -  t)“+ 


shoes  that  the  Magnitude  of  gas.  pressure  at  given  conditions  of 
loading  (W^,  to ,  f,  a,  S  )  is  governed  by  the  amount  of  the  burned 
portion  of  the  charge^,  where  to  *j/ is  the  gravimetric  inflow  of 
powder  gases  at  a  given  instant,  and  f <o^  is  the  inflow  of  the  energy 
contained  in  this  quantity  of  gas. 

Keeping  in  mind  that  varies  slightly  under  conditions  prevailing 
,  in  a  manometric  bomb,  it  way  be  said  that  the  pressure  is  almost 
proportional  to  the  burned  portion  of  the  charge  v|;  at  the  given 
powder  energy  f  and  the  given  loading  density. 

Correspondingly,  the  nature  of  pressure  Increase  in  time  flR 

under 

dt 

the  same  conditions  of  loading  is  also  determined  in  the  main  by  the 
change  of  magnitude  ~  with  time.  . . 

The  law  of  gas  formation  is  a  term  defining  the  change  of  the 
■  „  .  d4> 

'  magnitude  of  y  with  time  and  of  its  derivative  known  as  the  “rate 
- ■  of  gas  formation”  or  "volumetric  rate  of  burning. " 
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An  analysis  of  tills  magnitude  —  makes  it  possible  to  determine 

dt 

the  means  by  which  the  gas  inflow  during  burning  of  powder  can  be 


regulated. 


2.  HATE  OF  GAS  FORMATION* 


We  shalk^derivc  the  formula  for  the  rate  of  gas  formation,  based 
on  the  burning  of  powder  in  parallel  layers. 

Let  us  assume  that  the  burning  of  a  powder  grain  of  arbitrary 
shape  proceeds  in  concentric  layers  at  a  constant  rate  in  all  directions. 
At  some  instant  the  grain,  whose  initial  volume  is  and  whose 
initial  surface  is  S^,  has  a  volume  A  and  a  surface  S  (fig.  . 

We  shall  also  assume  tha .  a  layer  of  thickness  de  is  burned  during  the 

i 

time  interval  dt.  Then,  the  volume  burned  during  the  time  interval 
dt  will  be  expressed  by  formula: 


d  A  -  Sde, 
cr 


whence 


e 

-  J  Sde; 


Differentiating  both  sides  of  this  equality  t?ith  respect  tc  t. 


we  gat: 
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A 


y 


dvj> 

dt 


cr 

A, 


dt 


L 

dt 


Multiplying  and  dividing  the  right  side  by  S.,  we  get: 

‘  *  $  * 

S, 


If 

dt 


__1  S_ 
\si 


u. 


The  first  two  Multiples  in  the  right  side  of  the  expression  depend 
on  the  geometry  of  the  powder  grain: 

■  h 

'  - —  «•  the  initial  exposed  area  of  thp  powder  grain  or  the  specific 

—  \  - 

surface  per  unit  grain  volume  at  the  start  of  burning;  it 

will  be  shown  later  that  this  area  depends  on  the  form  and 
"  *■’**”  ✓ 
the  dimensions  of  the  grain; 

-  the  relative  surface  of  a  powder  grain;  it  varies  during 

1  burning  and  depends  only  on  the  form  of  the  grain  and  on 

the  relative  thickness  of  the 'burnt  powder  layer,  but  not  on 

.  its  absolute  dimensions. 

As  will  be  shown  later,  the  third  multiple,  the  linear  rate  of 
de 

burning  U  «  — ,  depends' on  the  type  of  powder,  the  pressure  under 
dt 

which  the  powder  burns,  and  on  its  temperature. 

In  order  to  determine  the  rate  of  burning  ir  an  actual  test  bomb 


*'-1 

S 


.under  variable  pressure,  it  is  necessary  to  know  the  thickness 
variation  of  the  burning  layer  per  unit  of  time,  and  to  this  end  it  is 
necessary  to  establish  the  purely  geometrical  relation  between  the 

.thickness  of  the  burned  layer  and  the  volume  of  the  powder  gases  in 

</  “  • 

their  various  forms. 
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graphic  not  reproducible 


f 

! 


Fig.  20  -  Diagram  of  Powder  Burning  in  Parallel  Layers. 

If  the  pressure  curve  plotted  as  a  function  of  time-,  or  a  table  of 
the  values  of  p  versus  t  is  available  from  the  bomb  test,  the  values 
of  t  can  be  calculated  by  means  of  the  general  pyrostatics  formula 
(or  from  special  tables),  following  which  the  geometrical  law  of 
burning  can  be  applied  to  establish  the  relationship  between  the 

s 

thickness  of  the  powder,  the  value  of  and  —  ,  and  to  derive  the 

S1  S1 

dependence  of  the  initial  exposure  -  on  the  form  and  dimensions  of 

Ai 


the  grains.  The  numerical  differentiation  of  ^  and  e  with  respect 
to  time  t  will  permit  obtaining  from  the  experiment  the  rate  of  gas 
formation  and  the  linear  rate  of  burning,  as  well  as  their  variation, 
during  the  burning  of  the  powder. 

The  establishment  of  all  these  relationships  will  facilitate  the 
analysis  of  those  factors  which  can  be  used  to  control  the  quantity 

and  the  intensity  of  gas  formation  during  the  burning  of  powder  and 

■  'V 

therefore,  will  permit  the  control  of  the  phenomena  of  a  gun  discharge. 
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3.  THE  EFFECT  PRODUCED  BY  THE  GEOMETRY  OF  A  POWDF.R  GRAIN  ON 

GAS  FORMATION 

The  inflow  of  gases  per  unit  of  time  for  a  powder  of  a  given  typo 
(f,  a,  &  ,  u^)  can  be  regulated  by  the  loading  density  or  by  the 
dimensions  and  the  shape  of  the  powder  grains. 

The  effect  of  the  geometry  of  the  given  grains  on  the  rate  of 

/ 

gas  formation  depending  on  the  thickness  of  the  powder  burned  at  the 
given  instant,  can  be  determined  by  means  of  the  basic  conditions  of 


the  geometrical  law  of  combustion. 


The  geometrical  law  of  combustion  permits  determining  the 

.relationship  between  the  relative  thickness  of  the  powder  burned  at 

e  i  Act* 

the  given  instant  z  -  — ,  the  burnt  portion  of  the  grain  y  -  - - 

•i  T  Ai 

C  A  being  the  volume  of  the  burnt  portion  of  the  powder),  and  the 
ct- 

relative  surface  of  the  powder  s/s,  at  the  same  instant.  The 

r  Sis  1  * 

dependence  of  the  product  E  - - on  the  shape  and  the  dimensions 

T  Sx 

of  the  powder  (grain)  can  be  established  at  the  same  time,  which 


product  enters  the  ^formula  for  determining  the  rate  of  gas  formation 
and  has  a  great  effect  on  the  law  governing  the  gas  pressure  development 
during  a  discharge.  , 

A.  Relation  Between  the  Burnt  Portion  of  Powder  4*  and  the 
Relative  Thickness  of  Powder  z.  Consumed  at  the  Same  Instant 
\  (Inflow  of  Gases) 


Investigations  show  that  the  dependence  of  *p  on  z  for  all  forms  of 
powder  Is  expressed  by  a  formula  of  the  same  type(*)i 


(*)  In  deriving  this  formula  for  one  grain,  as  well  as  for  an  entire 
charge  composed  of  manjn  grains,  it  is  assumed  that  all  grains  of  the 
chaxge  have  strictly  identical  dimensions  and  are  regular  in  form,  the 
latter  being  bounded  by,parallel  planes,  intersecting  at  right  angles 
or  by  surfaces  of  revolution  whose  axes  coincide  or  are  parallel  to 
each  other.  \ 
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I  -  X.7.  (1  +  A  7  4  (17,2)  , 


where  X  ,  A  ,  p.  are  shape  characteristics  -  constant/  values  depending 
on  the  shape  of  the  grain;  they  possess  a  particular  numerical  value 
for  each  grain  shape  inherent  to  the  given  grain  form. 

The  thickness  of  the  burnt  layer  e  varies  during  burning  fjom 
0  to  e,;  the  relative  thickness  z  varies  from  0  to  1 ;  and  the  relative 
volume  y  fluctuates  between  0  and  1.  ^ 

We  shall  now  derive  the  dependence  of  <{/  on  z  for  strip  powder  (a 

parallelepiped  with  three  different  dimensions)  (fig.  21).  We  shall 

/ 

introduce  the  designations:  2e^  for  the  thickness  of  the  strip,  2b 
for  the  width  of  the  strip,  and  2c  fo.  its  length: 


-  3. 


1  *  •  ni  r™r~r~'  £5 


_ 


Fig.  21  Burning  Diagram  of  a  Powder  Strip. 

Magnitudes  a  and  3  characterize  the  span  of  the  strip  in  thickness 

and  length.*  Furthermore,  inasmuch  as  all  the  dimensions  become  reduced 

in  all  directions  by  a  magnitude  2e  during  the  full  burning  of  the 
2ei  1 

powder,  a  -  75—  represents  the  relative  reduction  of  ihe  strip  in 
2ej 

width  and  3  -  — —  represents  the  relative  reduction  Of  its  length 
during  the  full  burning  period  of  the  powder. 
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Upon  removing  the  parentheses  we  obtain: 


'ocr  2  o 

-  -1-  (l+o  +  0)  r  +  (a  +  3  +  a3)z  -  ct3z  . 


A. 


Substituting  this  expression  in  the  formula  forvj/,  we  find: 


2  3 / 

•*  (1  +  a  +  B)z  -  (a  +  0  +  q3)z  +  ct0z 


or*  reducing  it  to  the  general  form  of  equation  (22),  we  get: 


(1  +  a  +  0)z 


„  a  +  3  +  aB 
1  -  - 2  + 


aB 


1  +  a  +  0 


1  +  a  +  B 


Introducing  the  designations 


a  +  B  +  aB  ^  . 
1  +•  a  +  3  -  *  ; - 1 -  ■  A  ; 


aB 


1  i  a  +  B 

we  obtain  a  general  type  formula: 

i 


1  +  a  +  B 


V-, 


(23) 


i  '  2 

Y  z  •(!  +  Xz  +  nz  )  . 


..  'lit' 


This  equality  serves  to  verify  the  values  of  the  characteristics 
calculated  by  means  of  formula  (23) . 

The  characteristics  it ,  A  and  p  depend  on  the  ratio  of  the 
dimensions:'  the  shorter  and  the  narrower  the  strip,  the  greater  is 
a  and  the  longer  the  strip,  the  closer  Is  it  to  unity  and  A  and  p 
to  seroi  ~r 

%.  The  Law  Governing  the  Change  of  the  Powder  Surface  When  the 

—  Powder  is  Burned* 

Formula  (22)  is  a  general  formula  for  all  powder  shapes;  the 


difference  will  be  only  in  the  numerical  values  of  the  characteristics 
It,  X  and  (i.  Using  this  formula  as  a  basis,  we  shall  derive  a  form- 

~  *  g 

ula  for  depicting  the  relative  surface  &  -  and  the  initial  exposure 


.  ^ 


,  characterizing  the  effect  of  the  shape  and  dimensions  of  the 


powder  on  the  rate  of  gas  formation. 


Differentiating  »|»  with  respect  to  z,  we  find: 


~  -  K  (1  +  2Xz  +  3pz2) 
dz 


Inasmuch  as 


dj>  dt  de 

*■  j 

dz  dt  de  dz 


dt  A, 


1  de 
$ 

u  dz 
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then 


el  S1  S 


5t  -  -1  .  A  u  -  -  — -ej-— . 

dz  A  Sx  '  u  Ai  sjL 


we  obtain 


Substituting  this  expression  in  the  left  side  of  equation  (25), 


ie,  A  -  (l  +  2\z  +  3|IZ2)  . 

i-  C 


(26) 


At  the  start  of  burning  z  -  0,  S-S  ,  •  1,  and  equation  (26)  at 

1  51 

the  start  of  burning  will  be  written  as  follows: 


S1  -  v 
—  e^  ■  . 

A1 


(27) 


Dividi-ng  each  tern  of  (26)  by  (27),  we  will  find  the  desired 
relationship: 


6-  A  -  1  +  2Az  +  3mz2, 


(28) 


At  the  start  of  burning,  at  z  -  0, 

6-1; 


at  the  end  of  burning,  at  z  -  1, 


6  •  — 
K  Sx 
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While  the  powder  burns  and  s.varies  from  0  to  1,  the  chance  of  6 
will'  vainly  depend  on  the  magnitude  and  sign  of  the  characteristic 
-since  p  is  small  compared  to  A.  / 

If  the  surface  of  the  powder  diminishes  while  burning  (strip,  <fube, 

jt 

bar,A<0)  the  shape  of  such  a  powder  is  called  regressive;  if  the 
surface  area  becomes  greater  during  burning  (powder  with  multiple 
-perforations, A >  0) ,  the  powder  is  called  progressive. 

,r  The  6  function  depends  on  A  and  p,  i.e.,  on  the  shape  of  the 
grain  and  its  disensional  ratio,  rather  than  on  the  absolute  dimensions 
of  the  .powder*  The  greater  the  value  cf  jxj,  the  greater  will  be 


the  surface  change  of  the  powder  in  burning.  y 

From  equality  (27)  we  obtain  an  expression  for  the  initial  exposure 
which  ’is  of  great  importance  in  controlling  the  rate  of  gas  formation: 


A 


(29) 


-this  equality  shows  that  the  initial  burning  area  of  the  powder  depends 
-on  its  shape  (characteristic  <) ,  as  well  as  on  its  dimensions  (e^). 

The  smaller  the  value  of  e^,  the  thinner  is  the  powder,  and  the 
greater  will  be  the  quantity  of  gases  which  it  will  evolve  per  unit 
of  time.  . _ 

,  »  •  . 

‘  Substituting  (28)  in  (25),  we  obtain  formula 


f 

% 

>1 


dz 


which  will  be  used  in  plotting  the  graph  for^,  z. 
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C.  Do  term  in  a  t  i  on  of  <!'  ,  z  for  Other  Grain  Shapes. 

a)  Tubular  grain  vith  a  single  porf oration _ (fig.  22)  . 

Designating: 

2e^  -  web  thickness 
D  -  outside  diameter 
d  -  inside  diameter 
2c  -  length  of  tube; 


2ei  . 

-  —  — -c  -  &  (which  is  the  same  as  for  strip  powder); 

2c  c 


\  -  H  <D2  -  d2)  2c ; 


\c7  -  4  ^  (D  -  2e)2  -  <d  +  2e>2_7  <2c  -  2e>; 

Aoct  Z"(D  -  2e>2  -  (d  +  2e)2J  (c  -  e) 


GRAPHIC  NOT  REPRODUCIBLE 


Fig.  22  -  Burning  of  a  Tubular  Grain. 
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<X’-i  +  o  +  3-  i  +  3; 

,  O  +  3  +  O  6 

A  m  — - ~  - J 

1  +  3  1  +  3 

m.  -  o, 

i.e.,  the  same  as  those  obtained  for  tubular  powder. 

It  is  of  interest  to  note  that  characteristics  K  and  A  for  a 
tubular  grain  do  not  depend  on  the  diameter,  but,  rather,  on  the  web 
thickness  2e^  and  the  length  of  the  tube  2c. 

b)  Grain  shapes  which  are  derivatives  of  strip  powder 
It  can  be  easily  seen  that  the  following  grain  shapes  can  be 
obtained  from  a  strip  as  special  cases  of  the  latter: 

1)  square  rod:  2b  «  2c;  a  -  3; 

2)  square  slab:  2e^  -  2b ;  a  -  1 ;  3  >  0 ; 

3)  cube:  2e^  -  2b  «-2c;  a  ~  3  *  1. 

The  characteristics  of  these  shapes,  as  well  as  of  strips  and 
tubes,  are  given  below  in  Table  10;  also  given  in  this  table  are  the 
values  of  at  the  end  of  powder  burning. 
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Table  10 


Powder  Shape 

.  X 

! 

j  1 

p  •*  1  +  2\+  3p 

Tube  (infinitely 
wide  strip) 

1  +  0 

a 

1  +  0 

0  ,  1-3 

!  1  +  3 

/ 

strip  y 

1  +  O  + 

^  a  +  3  +  a3 

f'5  |  (1  -  a)  (1  -  S) 

~  1  +  a  +  3 

l  +  a  +  3|  l  +  a+  3 

Square  Rod 

1  +  23 

23  +  02 

1  +  23 

B2 

1  +  23  ‘ 

(1  -  3>2 

1  +  23 

Square  Slab 

2  +  3 

1  +  23 

2  +  3 

3 

2  +3 

0 

jCube 

3 

-1 

1  . 

3 

0 

The  data  presented  in  the  table  shows  that  all  the  grain  charac¬ 
teristics  are  ’  increased  ir.  changing  over  from  a  tubular  to  a  cube  shape 


JE  increases  fro*  1  to  3,  |A|  -  fro*  a  small  fraction  to  1,  p  -  from  0 
to  1/3.* 

S1 

Since*  characterizes  the  initial  surface  area  7—  for  a  given 
'  -  Ai 

'powder thickness  2e^,  the  increase  of  X  shows  that  in  changing  over 

fro*  a  strip  to  a  cube/  with  the  web  thickness  2e^  remaining  the  same, 

the  initial  surface  area  is  increased  almost  three  times  whereas  the 

simultaneous  increase  of  X  indicates  a  more  drastic  reduction  of  the 

surface  area . 

The  diagram  in  fig.  23  clarifies  the  above:  the  heavy  broken 
■line  divides  the  str.ip  into  square  rods,  \-he  dotted  line  divides  it 
into  square  slabs,  while  the  dot-and-dash  line  divides  it  into  cubes 
of  the  same  thickness  as  that  of  the  strip.- 


-  ••  -v$  -p 


Increasing:  the  tube  length  '*1,11  ultimately  result  m  a  powder 
grain  with  a  constant  burning  surface,  lor  which 


*  -  1,  A  -  0,  u-0;  J 

consequently,  the  relations  between  z  and  6,  z  will  be  expressed 
by  the  following  formulas: 

z;  6-  1. 

graphic  not  reproducible 
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Fig.  23  -  A  Strip  Divided  into  Der.^*  tve  shapes. 

The  same  law  governing  the  burning  of  powder  will  apply  to  tubular 
powder  inhibited  at  its  end,. 

Examples  of  Calculating  the  Characteristics  of  Powder  Shapes 


1.  Strip  powder  Cfl  (SP)  ;  dimensions  in  millimeters:  1  by  18 


by  300 


-  0.05555;  tf-l+a  +  0-  1.0589; 


-  0.00333;  A  - 


-(a  +  0  +  a0) 


0. 05907 
. 1.0589 


-  0.05575; 


a0  0.00019 

a0  -  0.00019;  p.  -  —  - - -  0.00018; 

*  1  .0589 

-  1  +^2\  +  3p  -  1  -  0.11150  +  0 .00054  ~  0.889; 
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!1  if  1.0589  2/  2 

—  -  —  - - -  2.1).  /  8  mm  /  mm  . 


Ai  *i 


0.50 


For  the  same  powder  reduced  to  40  uni  in  length,  the  chnrac- 

« 

teristics  will  change  as  follows: 

*«  1,086;  X  .  -0.0758;  p.  -  0.00129;  ^  0.852;  —•  -  2.161. 


2,  A  tubular  grain  having  the  same  wall  thickness  and  length  as 
the  strip  powder; 


2®  -  1;  2c  -  300; 

1 


e  •  0,  0  •  -  ■  0.00233 ;  a3  *  0. 


X  -  1  +  3  -  1.00333;  A  - 


1  +  3 


0.00333 

1.0033 


-  0.00332; 


.«<  -  — .«  1  +  2A-  1  -  0.00664  -  0.9934; 


li  -  -  1»Q033 

A  .  *  0  * 5 

1  1 


-  2.0066, 


The  sane  tube  40  am  in  length: 


X  »  1.025;  A  -  -0.0244 ; 


- —  -  2.050;  <4  «  0.9512. 

K 
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Compared  to  a  strip  of  the  same  length,  a  tube  has  a  smaller 
effective  surface  area  and  a  lower  degree  of  regression.  The  surface 


area  and  regression  in  the  burning  area  increase  with  decrease  in 
length . 

If  we  calculate  the  characteristics  for  shapes  having  the  form  ' 

of  solids  of  revolution,  we  will  find  that  their  characteristics  are 

/ 

expressed  by  precisely  the  same  ratios  as  given  in  the  table  of 
characteristics  for  parallelepipeds;  the  only  changes  occur  in  the 
values  of  o  and  0,  which  are ■ expressed  in  terms  of  the  dimensions  of 
the  solids  of  revolution. 

Table  11,  below,  contains  shape  characteristics  for  solids  of 
revolution  in  the  form  of  a  solid  rod,  sphere  and  tube. 

Table  11  -  Shape  Characteristics  of  Solids  of  Revolution 


Basic 


el 

d  **  — ■  ■  -■ 

B 

2c 

b 

i 

2R 

2R 

1 

2  k 

2c 

1 

Solic 

2R 

1 

2R 

1  . 

.  2R 

2R 

El  '« 

R  M 

00 

2c 

0 

9  * 


ci0 


1  +  a  +  5 


X-  - 


a  +  3  +  a3 


1  +  ct  +  S 


4  ” 


a0 


1  +  a  +  0 


PR 


Sphere 

3 


3  -  -1 

3 


1 

3 


Solid  cylinder  (rod) 


KR 


-  0 


0 


2  +  0 


1  +  20 


0 


!2R 


2  +  0 

cylinder  whose  diameter  equals  its  height 


2  +  0 


Cylindrical  plate  (pellet) 


1 

3 


M~r 
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A  comparison  of  the  data  in  Tables  10  and  11  will  show  that  the 
characteristics  X  ,  A ,  p  of  some  of  the  grain  shapes  listed  in  these 
tables  are  identical,  and  that  therefore  the  law  governing  the  change 
of  volume  v|/  and  surface  area  &  as  a  function  of  the  relative  burned 
thickness  z  is  the  same.  Such  shapes  are  termed  equivalent  shapes. 

They  are  exemplified,  for  example,  by  a  cube,  a  sphere,  a  cylinder 
whose  height  equals  its  diameter,  or  by  square  and  round  slabs,  and 
square  and  round  bars. 

D.  Graphical  Illustration  of  the  Relationships  Between 


Knowing  the  general  expressions  for  the  inflow  of  gases 


-  *  z(l  +  X  z  +  PZJ 


and  for  the  law  governing  the  change  of  relative  surface 


6-l  +  2*z  +  3pz  , 


we  can  by  assigning  specific  values  to  z,  calculate  the  corresponding 
values  of  &  and  ^  and  plot  a  graph  for  the  investigated  regressive 
grain  shapes.' 

These  diagrams  are  termed  "progressive  data  sheets." 
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1  -  tube;  2  -  strip; 


We  shall  consider  the  following  shapes:  1  -  tube;  2  -  strip; 

3  -  square  plate;  4  -  a  solid  slab;  5  -  cube  or  sphere. 

a)  <* ,  z  diagram  (fit;*  24)  (progressive  data  sheet). 

Since  A  is  negative  and  p.  is  small  in  all  the  shapes  under 
consideration,  curves  z  will  always  lie^belov  the  horizontal  dotted 
line  1-1,  which  corresponds  to  a  powder  with  a  constant  burning  surface 


area . 


At  the  start  of  burning,  when  z  -  0,  6-  l  for  all  powder  shapes. 

At  the  end  of  burning,  when  z  -  1,  the  values  of  &  will  vary  for 

different  grain  shapes.  The  expressions  for  these  values  are  given  in 
Table  10.  Inasmucn  as  for  a  tubular  grain  p.  -  0,  the  expression 

V 

1  +  2Az  will  depict  a  straight  line  with  an  angular  coefficient 

2A,  where  A.  <0;  the  straight  line  1  is  very  close  to  the  horizontal 


1-1. 


For  strip  powder,  as  well  as  all  the  other  powder  shapes. 


1  +  2Az  +  31X2^  where  A  <  0. 


—  -  2  A  +  bpz ;  ^  -  6p  >  0 . 
dz  dz2 


Consequently,  curve  G  ,  z  is  convex  with  respect  to  the  z-axis. 


At  the  start  of  burning 


—  «  2A  <0. 

dz  A 


Since  the  value  of  p.  is  small  for  a  strip,  the  curvature  of  the 
line  is  very  slight;  the  values  of  A  and  p.  increase  as  the  shape 
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becomes  more  regressive,  the  angle  of  inclination  of  the  .tangent  at 
the  origin  of  the  coordinate  axes  increases,  as  does  the  curvature  of 

the  curve  itself.  In  the  case  of  a  solid  slab  the  curve  has  a 

♦ 

pronounced  downward  bulge,  and  passes  through  zero  (<3^  »  0)  when 
;*  «  I  (curve  4) .  / 

In  the  case  of  a  cube  the  downward  slope  and  the  convexity  are 
maximum,  when  -  0,  z  -  1  (curve  5) . 

Thus  the  diagram  shows  that  the  cube  is  the  most  regressive  of  the 
five  powder  shapes  considered  here;  the  surface  of  the  cube  diminishes 
abruptly  at  the  very  start  of  burning  and  approaches  zero  at  the  end 
of  burning.  The  least  regressive  powder  shape  is  the  tube,  whose 
burning  (surface)  area  remains  practically  constant  at  all  times 
(reduction  does  not  exceed  1%).  Powder  in  the  shape  of  a  cube,  at  a 
given  thickness  of  elements,  gives  off  a  maximum  Quantity  of  gases 
per  unit  of  time  at  the  start  of  burning;  this  quantity  diminishes 
rapidly  with  burning.  On  the  other  hand,  the  quantity  of  gases  given 
off  by  a  tubular  powder  grain  remains  practically  constant. 

b)  ,  z  Diagram  (fig.  25):  * 


-  *  z(l  +  X  z  +  \iz  ) 


Previously,  we  had  the  express ion  (9) : 


»  *  (1  +  2*z  +  3nz^)  «  *<5; 
dz 


when  0  6-1  and 


(**)  - 
Wn 
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Fig./24  ~  Change  In  area  during  Fig.  25  -  The  effect  of  grain 
regressive  burning  of  powders  shape  on  gas  inflow  for  re- 

of/ different  shapes  cr  -  f  (z)  .  gressive  powders  ^  -  F(z). 

/ 

^  is  the  tangent  of  the  slope  angle  of  curve  d/  ,  z  with  the 

dz.  * 

abscissa,  while  the  shape  characteristic  #  represents  the  slope  angle 
of  the  curve  at  the  origin  of  the  coordinates. 

When  z  -  0  ^  0,  6-1;  when  z  -  1  d»«  1. 

All  the  curves  are  located  within  a  square  whose  sides  equal 
unity." 

All  the  curves  originate  at  the  origin  of  the  coordinates  and  pass 
through  point  <|>  -  1,  z  •>  1;  the  tangent  of  the  angle  of  inclination 
at  the  origin  is  “  A’  .  Further  variation  of  the  angle  of 

inclination  is  characterized  by  the  value  of  &.  Inasmuch  as  <3 
diminishes  in  all  the  powder  shapes  considered  here,  the  angle  of 
inclination  of  all  the  curves  diminishes  also,  and  hence  all  the 
curves  are  convex  upwards.  In  the  case  of  a  tubular  grain  X  approaches 
unity  aud  the  change  of  6  is  small;  curve  1  practically  merges  with 
a  diagonal  drawn  from  the  origin  of  the  coordinate  system.  For  a 
cube,  ae  »  3  is  maximum;  curve  5  has  the  greatest  angle  of  inclination 
at  the  origin  and  the  /greatest  variation  of  this  angle  corresponds 


to  the  variation  of  <3 
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In  the  case  of  a  cube  and  a  slab  *  0, 
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and  hence  the  curves  are  tangent  to  the  horizontal  line  1-1  when 

1. 

“ _ The  arrangement  of  the  remaining  curves  2,  3,  and  4  is  obvious 

and;  does  not  require  any  explanation. 

— -The  diagram  shows  that  for  &  given  value  of  z  the  portion  of  the 
.burnt  grain  will  be_the  larger,  the  more  regressive  is  the  powder 
.and:  the  greater  is  if  .  For  example,  in  the  case  of  tubular  grain, 
at  the  instant  the  first  half  of  the  thickness  (z  -  0.5)  is  burned, 
the  burnt  portion  of  volume  ^  will  be  equal  to  0.5005,  and  in  the 

7 

case  of  a  cube,  when  z  -  0.5,  'l'  *  -  •  0.875. 

‘  8 

Consequently,  a  more  regressive  powder  gives  off  a  larger  quantity 
Si  gnana  during  the  first  half  of  the  burning  process,  and  a  smaller 
such  quantity,  during  the  second  half . 

c)  The  O,  4*  diagram  has  the  greatest  practical  value,  because 
it  can  be  more  easily  compared  with  experimental  data  when  evaluating 
the  pressure  curves  obtained  in  the  burning  of  powder  in  a  manometric 
bomb.  ^  is  determined  from  the  value  of  p  by  the  aid  oft  the  general 


formula  of  pyrostatics,  while  &  goes  into  obtained  by  the  numerical 

dt  I 

differentiation  of  the  dependence  of  ^  on  t.  When  this  c^ata  is 
available,  a  comparison  can  be  made  of  the  theoretical  and  the 
experimental  results.  \ 

Inasmuch  as  the  equation  for  ,  z  is  a  third  power  equation, 

I  \ 

and  €,  z  is  a  second  power  equation,  z  is  usually  not  eliminated  when 
determining-  the  dependence  of  &  ,  «j> ;  rather,  by  assigning  definite 
values  to  z,  the  corresponding  values  of  and  <3  are  computed, *  and 
the  results  are  then  plotted  on  the  6  ,  vjf  diagram.  \ 
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How  will  the  (?  ,  z  diagram  change  after  it  is  transformed  into  9 
C?  ,  diagram  (fig.  2b)? 


Fig.  20  -  of  the  Shape  of  Regressive 

Powder  Grains  on  the  Change  of  the  Powder 
Area  During  Burning  -  <3  -  <f  (vf)  . 

Similarly  to  the  &  ,  z  diagram,  6  -  1  when  <(  »  0.  At  the  end 

of  burning  when  'j'  “  6k  ****  have  the  same  values  as  when  z  •  1. 

Consequently,  the  position  of  the  initial  and  final  points  will  not 

change. 

Since  all  curves  of  v|»,  z  are  situated  above  the  diagonal  dividing 
the  square  *|/  ,  z  in  half,  the  magnitude  vj/  >z  will  correspond  to  some 
value  of  z,  and  this  magnitude  will  be  the  greater,  the  more  re¬ 
gressive  is  curve  ,  z. 

Therefore,  when  v|>  is  replaced  by  z,  all  the  points  on  curves 

<5,  z  (see  fig.  24),  while  remaining  at  the  same  height,  will  shift 

to  the  right  and  the  amount  of  displacement- will  be  the  greater,  the 

more  regressive  is  curve  'j',  z  or  <3,  z  (see  fig.  26). 

d)  A  binomial  formula  for  the  relationship  4*  ,  z. 

The  examples  given  here  for  calculating  the  characteristics  x , 

A,  p  for  strip  type  powder  show  that  p  is  very  small  for  strip  and 

o 

plate  type  grains,  and  that  the  term  pz*  does  not  appreciably  affect 
the  law  governing  the  variation  of  v|-»  and  6.  Therefore,  in  order  to 
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simplify  the  expression  subsequently  entering  the  rather  complex 

formulas  of  pyrodynamics  in  the  solution  of  the  basic  problem,  a 

binomial  formula  is  used  to  express  \{'  for  strip  type  powders  without 

impairing  the  accuracy,  by  neglecting  the  term  iiz ^  in  parenthesis. 

2 

.  The  influence  of  the  neglected  term  iiz  is  compensated  for  by 
Changing  the  remaining  characteristics  x  and  A,  based  on  the  following 
considerations . 

Having  a  complete  trinomial  formula 

«|/  -  *z(l  +  Az  +  pz^) 

with  known  characteristics,  we  shall  replace  it  by  a  binomial  formula 

* 

with  new  characteristics  and  A,: 

• ,  f  -  ic^d  ♦.  . 

In  both  equations  -  0  when  z  -  0.  We  shall  establish  the  following 

*  <m 

conditions  in  order  to  determine  coefficients  and  A.:.  1)  when 

*  1 

z  •  1  (end  of  burning),  the  .binomial,,  formula  must  give  us  ^  -  1,  and 
~  2)  when  z  •  0.5,  the  value  of  determined  by  means  of  the  binomial 
formula  must  have  the  same  value  as  found  by  means  of  the  tri- 
’ — nomtal- formula  at  the  same  value  of  z  -  0.5. 

We  thus  obtain  a  system  of  two  equations  with  two  unknown  coef¬ 
ficients  tfj  and  Xjj 


when  z  »  1 


*(1  +  A  +  p)  -  1  -  ^(1 .+  Aj); 


when  z  -  0.5 
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Solving  this  system,  we  get  /~12 J\ 

We  can  obtain  from  the  first  equation  of  the  system 


2 


Since  both  A.^  and  A.  <  0,  for  the  absolute  values  thereof 


All" 


i*l- 1* 


i - & 


♦ 


When  the  values  of  the  characteristics  /  and  A  are  determined 

1  1 

in  this  manner,  the  second  degree  curve  v|/  ,  z  and  the  third  degree 
.  curve  ^  ,  z  will  coincide. at  the  starting  point  z  »  0,  then  at  z  »  0.5, 
and  finally  at  the  end  point  z  -  1 . 

Thus,  in  the  case  of  strip-type  powder,  the  curves  practically 
coincide  also  at  the  intermediate  points,  when  the  values  of  and 
are  chosen  as  above.  "" 
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Thus,  the  binomial  formula  can  be  used  for  strip  and  plate  type 


/ 


powders  also  in  the  future 

t  " 


Similarly,  we  shall  have  for  the  surface  ratio 


ijii 


t 

/ 


6  -  1  +  212. 

1 


Eliminating  z  from  this  system  of  equations,  we  get  the  dependence  of 

**  *  >, 

^  on  ^  in  the  following  font: 


6. 


tor  a  given  value  of  ,  this  relationship  permits  a  direct  calculation 
of  the  corresponding  value  of  6. 

Hereafter,  we  shall  drop  the  indexes  of  the  characteristics 
and  A» 

4.  PROGRESSIVE-BURNING  PONDERS 
A.  General  Data 

In  all  the  regressive  types  of  powder  considered  here,  excepting  ' 
tubular  powders,  the  surface  area  always  diminishes  when  the  powder  is 
burned,  because  burning  proceeds  inside  the  grain  in  concentric 
layers.  A  tubular  grain  is  the  exception  in  this  respect:  the  ^ 
surface  of  the  perforation  is  displaced  in  burning  from  the  axis  of  the 
tube  outwards,  thus  increasing  its  area,,  and  hence  partly  compensates 
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for  the  reduction  of  the  exterior  surface  area.  The  tubular  type  of 
powder  would  represent  a  powder  of  constant  burning  area  bordering 
between  progressive  and  regressive  forms  of  powder,  if  the  tube  were 
not  to  burn  from  its  ends  and  remain  unchanged  in  length. 


Pig.  27  -  Grain  with  Seven  Perforations: 

a  -  before  burning; 
b  -  at  the  instant  of  decomposition. 

At  the  start  of  burning  the  total  surface  of  the  tube  of  length 

2c  will  be  expressed  by  the  following  formula,  if  the  end-areas  and 

reduction  in  length  are  disregarded: 

•  2ttR2c  +  2nr  •  2c  «  2rr(R  +  r)  •  2c . 

When  the  thickness  burnt  on  the  inside  and  the  outside  of  the  tube  is 
e,  the  surface  at  that  instant  and  at  the  same  tube  length  will  be 

\ 

S  -  2n(R  -  e)2c  +  2u(r  +  e)2c  -  2?r(R  +  r)2c; 


Under  such  conditions  the  constancy  of  the  surface  area  does  not 
depend  on  the  diameter  of  the  perforation.  This  property- of  the 
perforation  surface  to  increase  in  burning  indicates  a  aeans  for 
obtaining  a  grain  of  the  progressive  type.  This  will  require  the  use 
of  grains  with  several  perforations,  whereby  the  increased  surface  area 
of  the  latter  will  compensate  for  the  reduction  of  the  outside  area. 

The  grain  with  7  perforations  is  based  on  this  principle;  the 
centrally  disposed  perforation  along  the  axis  of  the  grain  compensates 
the  decrease  in  the  outside  area,  and  the  six  radially  disposed 
perforations  in  the  vertices  of  a  regular  hexagon  serve  to  increase 
the  area  during  burning.  The  outside  surface  is  located  at  a  distance 
of  2e^  from  the  perforations.  In  such  an  arrangement  (fig.  27a)  the 
web  thickness,  i.e.,  the  distance  between  the  centrally  located 
perforation  and  the  outer  perforations,  as  well  as  between  the  latter 
and  the  outer  surface,  will  be  the  same,  so  that  all  the  webs  will 
burn  simultaneously. 

Burning  from  the  perforation  centers  proceeds  along  concentric 
cylindrical  surfaces,  forming  circles  in  section;  when  the  latter 
converge  and  the  thickness  ej^  is  burned  In  all  directions,  the  grain 
disintegrates  into  12  rods  of  irregular  cross  section  (slivers):  6 
inner,  small  rods  and  6  outer  larger  rods  (fig.  27b).  These  products 
of  decomposition  burn  with  a  sharp  reduction  of  the  burning  surface, 
similarly  to  a  solid  slab,  and  provide  even  greater  regression  because 
of  the  presence  of  sharp,  rapidly  burning  projecting  angles.  Thus 
ail  progressive  powder  grains  with  several  perforations,  whose 
initial  burning  is  accompanied  by  increased  surface  area  disintegrate 
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at  some  instant  into  regressively  burning  products  of.  decomposition. 
This  is  the  undesirable  characteristic  of  powders  of  the  progressive 
type. 

A  grain  with  7  oerforations  usually  has  a  standard  dimension 
ratio:  the  web  thickness  *'e  between  the  perforations  themselves  as 

well  as  between  the  latter  and  the  outer  wall  must  be  the  same  and 
equal  to  twice  the  diameter  of  the  perforation  (or  the  perforation 
diameter  d  must  be  equal  to  hall  of  the  web  thickness  e^) : 

2ex  -  2d; 

accordingly,  the  outside  grain  diameter  is 
D  -  4  •  2ej  +  3d  -  lid  -  lle^ 

The  length  of  the  grain  2c  is  not  great,  it  is  usually  equal  to  (2-2.5) 
D  or  (20-25) d. 


Fig.  28  -  Products  of  Decomposition  of  a  Grain 
With  7  Perforations. 

At  this  dimension  ratio,  the  surface  increase  at  the  time  of 
decomposition  amounts  to  about  37%  (Sg/Sj  -  1.37, 'Where  Sg  is  the 
surface  being  burned  at  the  instant  decomposition  occurs).  At  the 
same  time,  if  the  perforations  are  spaced  correctly,  about  85%  of  the 
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grain  will  be  burned  .(^  ss0.85).  Consequently ,  about  15',  o.  jhe 

grain  is  burned  regress! vely  with  a  sharp  reduction  of  the  surface 

/ 

area.  If  the  spacing  of  the  perforations  is  irregular,  decomposition 
does  not  take  place  at  the  same  instant:  webs  of  the  least  thickness 
r  are  burned  first,  followed  by  gradual  burning  of  the  thicker  webs; 

a  portion  of  the  grain  undergoes  progressive  burning  and  the  remaining 
portion  suffers  a  sharp  reduction  of  its  area.  The  maximum  value  of 
Ss  is  smaller  than  in  a  normal  grain,  and  this  corresponds  also  to  a 
lower  value  of  *|»a. 

If  we  inscribe  a  circle  in  the  outer  prism  of  decomposition  (fig. 
28),  its  radius  />  -  0.1772(d  +  2ex)  /”l2_/;  in  the  ease  of  standard 
dimensions  J>  -  0.1772  • .  3ex  -  0.53166^  0.5326^ 

The  radius  of  the  circle  inscribed  in  the  inner  prisms  o.t 
decomposition  J>'~  0.07/4(d  +  2ex)  -  0.2322e][  0.232el .  Therefore, 

.  at  the  end  of  burning  of  the  grain  as  a  whole,  when  the  burning  surfaces 
merge  at  the  center  of  the  outside  prisms  of  decomposition,  the 
thickness  burned  will  be  eK  -  ex  +  jp  -  ex  +  0.532e1  -  1.532e  . 

Thus  the  burning  of  progressii  e  powders  is  subdivided  into  two 
Sharply  differing  phases:  1)  prior  to  decomposition  z  varies  from 


0  to  1,  \|/  varies  from  0  to  <1;  burning  proceeds  with  a  gradually 
increasing  area;  2)  after  decomposition  %  changes  from  1  to 


_*1  +f  . - 

*K“”^ -  “  1  ^changes  from  Vj>g  to  1;  burning  is  progressive. 

Some  authors  (V.E.  Slukhotsky)  consider  it  more  expedient  to 

consider  -  1  when  -  1 ;  then,  at  the  instant  of  decomposition, 

®X 

zei  °  I — m  <  1  “  0.653  for  staade»*d  dimensions). 

**  ®i  +  r  s 
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Disintegration  and  regressive  burning  of  the  powder  in  the 


second, phase  are  the  defects  of  powders  of  the  progressive  type.  In 

order  to  decrease  the  products  of  decomposition,  a  great  many  grain 

shapes  were  suggested  by  various  authorities,  of  which  the  most 

interesting  ones  are  the  shapes  suggested  by  Walsh  and  Kisnemsky. 

Walsh's  grain ^is  an  improved  grain  with  7  perforations,  whose. 

outer  wall  is  noy'a  continuous  (single)  cylindrical  surface  of 

diameter  D  -  lid,  but,  rather,  consists  of  six  cylindrical  surfaces 

circumscribed  about  the  axis  of  each  perforation  of  radius 

r  •  -  +  2e  (in  the  case  of  standard  dimensions  r  »  2.5d  -  2.5e  ). 

2  1  1 

The  cross  section  of  such  a  grain  is  as  shown  in  fig.  29a,  and  at  the 
instant  of  decomposition  its  section  takes  on  the  form  shown  in 


fig.  29b. 


GRAPHIC  NOT  REPRODUCIBLE 


O  v 


J>-  r  •'■"r  -1  „ 


‘  't  ‘ 


Fig.  29  -  Walsh's  Grain  with  7  Fig.  30  -  Burning  of  Kisnemsky 's 
Perforations.  Grain. 

al  Before  burning;  b)  at  the 
Instant  of  decomposition. 

A  grain  of  this  type  is  often  called  a  "shaped  grain." 

The  dimensions  of  the  products  cf  decomposition  in  such  a  grain 
are  considerably  smaller  than  in  an  ordinary  grain  with  7  perforations. 
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Calculations  show  that  *10,95,  i.e.,  that  95%  of  the  grain  undergoes 

progressive  burning,  and  only  5%  is  regressive.  Also,  for  the  same 

dimensions  d,  2e^  and  2c  as  in  a  standard  grain,  the  surface  area 

increase  is  the  same,  or  37%,  so  that  6  ~  1.37. 
j  s 

— r  c.The  Kisnemsky  grain  was  designed  for  the  purpose  of  eliminating 
the  products  of.  decomposition  on  the  one_Jiand,  and  for  obtaining  a 
.grain  of  "greater  progressivity"  on  the_other.  It  is  in  the  iora  of  a 
square  slab  with  square  perforations  disposed  in  two  mutually 
perpendicular  directions  (fig.  30a).  According  to  Kisnemsky,  the 
square  perforation  should  burn  in  parallel  layers  and  retain  its 
square  form,  so  that  burning  would  terminate  without  decomposition. 
Furthermore,  a  large  number  of  narrow  perforations  should  provide  a 
highly  progressive  grain  (according  to  calculations  (5  •*»  2 ) .  This 
is  the  powder  recommended  by  Kisnemsky  for  obtaining  ext va-long-range 

firing;  the  KOCAPTOfl  (Kosartcp)  (Special  Artillery  Research  Committee), 

\ 

headed  by  V.M.  Trofimov,  was  the  body  engaged  in  the  investigation  of 
this  type  of  powder  at  the  time.  All  the  theoretical  work  on  the 
performance  of  this  powder  was  carried  out  by  V.A.  Pashkevich. 

It  was  found  that  Kisnemsky's  estimates  were  not  justified  either 
with  regard  to  burning  without  decomposition,  or  with  regard  to  high 
progressivity.  Tests  had  shown  that  the  square-shaped  perforation 
does  not  retain  its  shape,  because  burning  from  the  corners  of  the 
square  proceeds  at  the  same  rate  as  along  a  normal  to  the  side  of  the 
square  (there  is  no  reason  to. believe  that  the  powder  would  burn  more 
rapidly  along  the  diagonal  than  in  other  directions) ;  it  proceeds  from 
each  corner  in  concentric  circles,  whose  radius  equals  the  thickness 
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of  the  burnt  layer  in  the  direction  of  normals  to  the  sides  of  the 
square.  As  a  result,  the  cross  section  is  that  of  a  square  with 
rounded  corners,  and  at  the  instant  of  decotrpos  1 1 ion  the  shape  of  the 
grain  appears  as  in  fig.  30b. 

The  products  of  decomposition  amounting  to  10%  remain  between 
the  perforations.  Hence  is  not  1  but  is  about  0.90  (90%  of  the 
grain  burns  progressively).  p"  -  (  \/2  -  Ue^ ,  because  e^  +  p  is  the 
diagonal  of  a  square  with  side  e^. 

For  reasons  which  will  be  discussed  later,  the  powder  suggested 
by  Kisnemsky  did  not  show  the  high  progressive  quality  anticipated 


by  him. 


graphic  not  reproducible 


Fig.  31  -  A  Grain  of  Kisnemsky 's  Powder 
Before  and  After  Disintegration  (Ob¬ 
tained  in  Firing)  . 

Figure  31,  on  the  left,  is  a  Kisnemsky  grain  with  35  perforations 
before  burning;  on  the  right  is  the  same  grain  incompletely  burned  and 
ejected  from  the  gun  after  firing.  The  photograph  clearly  shows  the 
products  of  the  starting  disintegration  having  the  form  of  the  "ace 
of  diamonds"  in  cross  section;  the  perforations  are  almost  round. 
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Fig.  32  -  Transformation  of  a  Square  Perfo¬ 
ration  into  a  Round  One. 

Figure  32  is  a  large  grain  with  a  single  perforation:  a)  before 

burning;  b  and  c)  intermediate  states.  Inasmuch  as  the  side  of  the 

'  \ 

square  perforation  is  small  in  compat'ison  with  the  web  thickness, 
tbe  perforation  is  transformed  into  a  circle. 

Bi  Determination  of  the  Characteristics  of  Progressive  Powders 
a)  First  phase,  first  method. 

The  law  governing  burning  and  the  change  of  the  surface  of 

progressive  type  powders  is  expressed  by  the  same  general  formulas: 

«SSs  “/  -  '  - 

*Z<1  +  Xz  +  M-Z2),  . 

« - —6--  1  +  2Xz  +  3uz2, 

as_ffor  regressive  types;  the  difference  is  only  in  the  numerical 
values  of  the  characteristics  #,  X  and  \l  and  in  their  signs 

a 

«CG).  The  ..derivation  of  the  characteristics  equations 
is  obtained  similarly  to  regressive  powders,  and  only  the  obtained  . 
expressions  themselves  are  somewhat  more  complex  than  for  regressive 
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We  shall  introduce  the  following  designations:  2c  -  grain  length, 


V 


2e^  -  web  thickness;  d  -  diameter  of  perforation;  D  -  grain  diameter; 


n  -  number  of  perforations. 

The  burned  portion  of  the  charge  is: 


A. 


1  - 


OCT 


2ei 


2c 


-  0; 


D  +  nd  m  -  ndZ 

2c  1  ’  *> 


-  Qi 


(2c) 


It  cun  be  easily  seen  that  the  magnitude  TT^  -  D  +  nd/2c  is  the 
ratio  of  the  perimeter  of  the  grain's  cross  section  to  a  circumference 


whose  diameter  equals  the  length  of  the  tube  2c.  The  magnitude 

Q,  -  D2  -  ^ 


is  the  ratio  between  the  base  area  and  the  area  of  a 


(2c) 


circle  whose  diameter  is  2c. 

The  initial  grain  volume  is 


'h  ■ ; 


-  E(D2  -  nd2)2c. 


The  unburned  portion  of  the  grain  by  volume  at  a  given  instant 


is 


A 


OCT 


-  Z~(D  -  2e) £  -  n(d  +  2e)ZjT  (2c  -  2e*; 

4 


Ajct 

A. 


rtf  - 


nd2  -  2(D  +  nd)  2e  -  (n  -  1)  (2e)2_7 


(2c  -  2e) 


2  ,2 

D  -  nd 


2c 
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Bearing  in  mind  that 


2e  2el  2e 

—  « - - - 

2c  2c  2c^ 


and .dividing  each  term  in  the  parenthesis  by  the  denominator,  we  get 


i\»c* 

A 


/ 

2(D  +  nd>  2e  _ 
D2  -  nd 


1 


<n  -  1)  (2e)2 


2  2 
Dz  -  nd 


Cl  -  0z), 


_  .  2  2 

or,*  substituting  TT^  *  2c  for  D  +  nd  and  (2c)  for  D 

■4  ’ 

have: 


.2 

nd  ,  we 


^OCT 


■  A! 


2  TTt  *  2c  •  2e  n  -  1  ,_2 
- i - - (2e) 


Q1C2c) 


Qj(2c)‘ 


(1  -  0z)  - 


-  fl  -  ?H*8z  »  (i  _  3z>  • 

"  X  Qx  Qi'*  / 

(* 


.  2nl  , 

.  [1  +  — i  JPJB  - 


^n  ~  X  -  2TT 


i  V2*2  +  2-1-1  03z3; 


■  ■  Aoct  /  2HA  -  (n  -  X)  -  2TT, 

»  X  —  — ~ — —  »  (  X  + - |  0£  +  — — — — -  0 

a,  V  V  Q1 


2  2  n  -  1  .3  3 
z - 0‘}z*5  - 


'  Bs  fi  +  erJLiJa-  Bz 


(n  -  1)0*  z2 


Ql+2^ 
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We  thus  get  a  general  type  formula: 


^ »  K  z(  1  +  Az  +  pz  )  , 


where 


QjL  +  2TTJ 
X  m  -  3  ; 


n  -  1  -  2TI. 


when  n  -  7 


Qi+2nx 


Q  +  2n 

-  _ L_  ck . 


2(3  -  nx) 

X  - - 3; 

Q1+2n1 


P-  -  - 


(n  -  1)  3 

v2ni 


•4  -  - 


V2ni 


These  formulas  show  that  for  powders  with  many  perforations  the 
characteristic  p.  <  0  and  hence  the  convexity  of  curve  6  ,  z  is  directed 
upwards  (when  n  •  1,  p.  -  0)  .  The  sign  of  \  depends  on  the  difference 
(n  -  1)  -  2TT1,  and  in  ordinary  powders  with  7  perforations  of 
standard  dimensions  A  >  0.  When  the  grain  is  shortened  A.  may  become 
equal  to  zero:  this  will  occur  when  n  -  1  -  2^  «  0  or  n  -  1  -  ^~2c~~~ 
-  0,  whence 


(*)  These  formulas  are  suitable  not  only  to  progressive  powders  where 
n  1,  but  also  for  regressive  shapes  -  solids  of  revolution,  for  example: 
for  n  «  1  (tube)  and  n  -  0  (round  slab  without  perforations). 

Hence,  they  are  general  formulas:  thus,  for  example,  for  a  tube 
when  n  ■  1,  A  <  o,  p.  -  0,  when  n  »  0  (solid  slab)X  <  0,  p.  >  0,  as  was 
established  in  the  previous  formulas. 
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D  +  nd  n  -  1 


2c  2 

Under  such  conditions,  perforated  powder  is  no  longer  progressive. 

-  ’  .. '  . 

' •*.  ‘In  particular,  for  a  grain  of  standard  cross  section  with  7 

’’  '• 

„  perforations,  whose  D  -  lid,  the  condition  1»  0  is  satisfied  when 

2c  -  6d  -  3  •  2e1# 

-  and  since  p  cO,  the  area  of  such  a  short  grain  vill  diminish  when 

burned. 

A  study  of  the  X  coefficient  shows  that  progressivity  increases 
With  the  number  of  perforations,  if  the  diameter  of  the  perforations 
at  the  same  web  thickness  decreases  and  the  length  of  the  slab 
increases . 

(  The  expression  for  the  surface  (area)  change  will  have  the 

following  general  form: 

€»•  l  +  2*z  +  3p.z2. 

In  the  case  of  rectangular  shapes,  such  as  the  Kisnemsky  grain, 
the  magnitude  is  the  ratio  between  the  perimeter  of  the  cross 
section  and  the  perimeter  of  a  square  with  side  2c  equal  to  the 
length,  of  the  slab,  and  is  the  ratio  between  the  cross-sectional 
>  area  of  the  grain  and  the  area  of  the  .same  square  with  side  2c. 

If  we  call  the  side  of  a  square  slab  A^,  the  side  of  the  square 
perforation  a^,  the  length  of  the  slab  2c  and  the  number  of  perforations 
n  (n  horizontal  and  vertical  rows), 
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(Aj  +  ira^) 

2c 


»  Q,  “ 


2  2  2 
A  j;  —  n  a  ^ 


(2c)' 


2e, 


2c 


These  formulas  hold  true  for  Walsh’s  grain  as  well,  but  inas- 
much  as  the  cross  section  of  this  grain  is  more  coij^lex,  the  formulas^ 
for  TT^  and  are  likewise  more  complex. 

The  outside  wall  of  Walsh's  grain  can  be  considered  .  consisting 
of  six  arcs  whose  lengths  equal  l/3  of  a  circumference  of  diameter 
-  d  +  2  •  2e^  and  which  are  described  from  the  centers  of  six 
perforations,  and  six  arcs  each  measuring  1/6  of  a  circumference  of 
diameter  d^  described  from  the  outside  vertices  of  equilateral 
triangles  with  side  aj^  ■  2e^  d^,  whose  other  two  vertices  lie  in 

the  center  of  the  perforations  (fig.  33). 

In  such  a  case  the  cross-sectional  area  ST  of  the  grain  consists 
of  the  following  elements: 

1)  12  triangles  with  side  a^^  less  three  sectors  of  a  circle  of 

diameter  d^  at  their  apexes;  . 7  IT . 

2)  six  sectors  each  measuring  l/3  of  a  circle  of  diameter  6 
less  six  sectors  each  equivalent  to  l/3  of  a  circle  of  diameter 


-  12 


V  3  2  ^  1  v 

— -  a  -  3 - d,  I  +6 


6  4 


1  w 
3  4 


(<*?  - 
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The  perimeter  P  of.  the  grain  will  consist  of: 

1)  six  arcs  each  measuring  1/3  of  a  circumference  of  diameter  <5^  ; 

2)  seven  circles  of  diameter 

3)  six  arcs  each  measuring  l/6  of  a  circumference  of  diameter 
dj  (in  the  Angles  included  in  the  outside  web. 


.  Fig.  33  -  Diagram  of  Walsh's  Grain. 

138 
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b)  A  biiiOi..i;tl  for;..):]  a  for  the*  second  phase. 

Sine'*  for  a  standard  RMin  with  7  perforations  the  charactcrist  ic 


(i  is  small,  the*  law  governing  burning  ^  f  (z)  can  also  be  expressed 
with  sufficient  accuracy  by  means  of  a  binomial  formula:. 

)|/  «  tf^z(l  +  X  ^z)  . 


The  characteristics  and  will  be  found  under  the  condition 
that  when  z  -  1,  ^ -  'j'g ,  and  wl^'en  z  -  0.5,  the  value  of  4/  according 
to  a  trinomial  formula  would  be  equal  to  the  value  of  vl>  according  to 
the  binomial  one.  We  thus  obtain-  a  system  of  two  equations  as  for 
regressive  powders: 
when  z  -  1 


X(1  +  X  +  p.)  -  vj/g  « 


when  z  -  0.5 


-11+  -+ 
2  \  2 


j) 


.  1  +  -i 
2  V  2 


Solving  it  we  get 


and  then 


a,  -  *  -  i 

1  *i 


(instead  of  A  -  —  -1  for  regressive  powders). 
1  *) 
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Example.  Compute  the  shape  characteristics  of  progressive  powders. 
Grain  with  7  perforations. 

.  2e  -  1;  d  -  0.5;  D  -  5.5;  2c  -  12.5  mm 


£  -  “  ~~  "  0 ..08 ;  TTj  -  —  ■■■7d  -  — —  -  0.720; 

2c  12.5  1  2c  12.5 


Q,  -  gL--7*2  -  g°^5---7.  •  °'25  .  I8-:-5?  .  0.1824; 

4*  .  O  1 


<2c)‘ 


156.25 


156.25 


Qx  +  2^  •  0.1824  +  2  •  0.720  -  1.6224; 


I.  Q1  *  2R1 


1.6224 


0.1824 


•  0.08  -  0.712; 


,  (n  -  1)  -  2TT.  6  -  1.44 

A  -  - —  9  -  -  •  0.08  -  0.225; 

Qx  +  2  1.622 


4  -  - 


(n  -  1)0“ 
2ni 


6  •  0.0064 
1.622 


-  -*  0.0237; 


ts  “*(1  +  X  +  "  0.712(1  +  0.225  -  0.0237)  -  0.712  ’♦  1.2013 

-  0.855; 


6g-l  +  2\  +  3n-i  +  0.45  -  0.0711  -  1.379. 
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In  the  case  of  the  binomial  formula  -  ^z(l  +  A^z): 


-  /  ^1  -  ^  -  0.712  * 


1  -  - 


0.0237^1 


.  2 


-  0.712  •  1.0118  -  0.720; 


i  . 


'f's  ■  0.855 

i  -  I®  -  1  -  - - 1  -  0.1873; 

1  if 

1 


0.720 


J,  -  X,  (1  +  X)  -  0.720(1  +  0.1873)  -  0.855; 

ISA  1 


6.  -  1  +  2  A  -  1.375. 
s  1 


It  can  be  seen  that  the  difference  between  the  values  of  6? 

s 

corresponding  to  the  instant  of  disintegration  obtained  by  trinomial 
and  binomial  formulas  would  be  very  small  (0.004),  so  that  in  practice 
the  binomial  formula  can  be  used  for  powders  with  7  perforations  in 
the  first  phase  of  burning. 

c)  Second  phase  (after  disintegration). 

The  products  obtained  after  decomposition  in  the  form  of  small 
prisms  of  triangular  cross  section  (with  curved  sides)  burn  regressively 
with  rapid  surface  reduction,  similarly  to  k  square  or  round  slab. 

A  detailed  investigation  made  by  G.V.  Oppokov  /~13_7,  using 
the  assumption  that  burning  proceeds  in  strictly  parallel  layers, 
>rovides  general  expressions:  one  -  prior  to  burning  of  the  thinner 
^nside  prisms,  and  the  other  -  until  the  end  of  burning  of  the  outside 
Irisms.  Using  the  formulas  suggested  by  him  as  a  basis,  Oppokov 


F4TS-7327-RE 


141 


r— r 


prepared  a  table  for  the  values  of  as  h  function  of  z  when  the  small 

and  large  prisms  are  burned  and  then  when  only  the  remainders  of  the 
large  prisms  are  burned.  An  analysis  of  his  data  shows  that  the  change 
in  the  surface  area  of  the  products  of  decomposition  almost  corresponds 
to  the  change  in  the  surface  of  a  cube,  i.e.,  its  burning  is  aore^, 
regressive  than  in  the  ease  of  a  prismatic  slab. 

-  '  The  binomial  formula  can  be  used  for  determining  the  relationship 
z  in  the  second  phase.  Transferring  the  origin  of  the  coordinates 
to  the  point  of  decomposition  (zg  *  1,  *j>s)  we  will  have 

t"  ts  “  ~  2T1  +  X2*z  ~  1>Jr****  (30) 

with  *  varying  from  1  to 

We  shall  determine  #2  aad  *2  imposing  the  following  requirements: 

1)  when  z  «  zK,  ^  must  equal  unity  according  to  formula  (30); 

2)  at  the  end  of  burning  when  z  »  zK  the  surface  es  must  become 

equal  to  zero. 

-Differentiating  equation  (30)  with  respect  to  z,  we  get: 


H  -  7*1  -  *a  +  *v* i  l)-7- ' 

*1  - 


The  second  requirement -will  be  satisfied  if; 


1  ~  1)  »  0. 


The  first  requirement  will  be  written  thus; 
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-  ts  -«2<*k  '  *>  +  A2(-K  -  »J- 


Solving  this  equation  we  find  that 


-1  2(1  -  fs) 

- ;  *  -  - 


2  2<2K  -  1)  ’  ^  *K  -  1 


Calculations  by  means  of  these  formulas  show  that  for  a  standard 
grain  with  7  perforations  when  *  1.532  \j/g  -  0.855:  . 


A  .  - L - •  ~0 .94 ;  *0  -  2  -~°‘*45  -  0.545; 

2  n  .  A  COO  a 


2  •  0.532 


0.532 


for  Walsh's  grain  when  z„  »  1.232  and  e>  -  0.95 

A  ,  S 


*2  - 


-1 


2  •  0.232 


“  -2.16;  « 


2  »  0.05 
0.232 


0.432. 


C.  Graphic  Representation  of  Relations  &  -  z,  y-  z, 

for  Progressive  Shapes 


S  c 

In  order  to  construct  diagrams  vj/-  z;  —  -z;  -  vj;  for  progressive- 

S1  S1 

shapes,  we  shall  resort  to  the  following  general  formulas: 


<j/-  *z(l  +  Iz  •}■  tiz2)  and  JL  -  1  +  21z  +  3m.z'*', 

S1  — 

which  are' applicable  also  to  these  shapes,  but  now  when  z  -  1 
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jjjj*  v)>s  <1;  the  end  of  burning  occurs  when  z  >  1,  the  coefficient 
(n°t  °nly  for  grains  with  7  perforations,  but  also  for  the 
Kisnemsky  grain.) 

,  -'-^Accordingly,  the  diagraryt/ will  appear  as  shown  in  fig.  34  and  35: 
:r-  -fi  -  grain  with  7  perforations; 

•  f  'j  ■  ;  . 

:j  l'  II  -  grain  with  shaped  outer  web; 

.III  -  Kisne.*iky’s  grain.  j 

GRAPHIC  NOT  .  REPRODUCIBLE 


prrrrm  •  ij 

felVvtr 


:  - 


/  1C-3 '  ;5;7j 

/  fe’k 

/  ' 
Ir  .i  &L&j--  .  .  i 


Fig.  34  -  «-  f  (z)  relationship  Fig.  35  -  f.(z)  relationship 

for  progressive  grains.  for  progressive  grains. 

*  • 

Inasmuch  as  n<  0,  the  convexity  of  the  s/s'^  z  curves  is  directed 
upwards.  When  constructing  an  S/S.  diagram  as  a  function  of-0/,  the 
corresponding  points  of  the S/Sj,*  {diagram  will  be' displaced  to  the 


left  (the  reverse  of  regressive  grains),  this  displacement  being  the 
smaller  the  greater  is  the  value  of  z;  hence  the  s/s^»  ^  curves  will 
likewise  remain  convex  upwards  as  do  the  s/s1#  z  curws-(fig.  36). 


GRAPHIC  NOT  REPRODUCIBLE 


t,S 


K _ ... 


Fig.  36  -  S-  f^I'j')  'h*l::iion  for  Progressive  Powders. 
a)  Inhibited  ponders  of  high  progressivity 

Inhibited  powders  constitute  one  of  the  forms  of  highly  progressive 
powders. 

These  powders  first  appeared  in  Russia  soon  after  the  appearance 
of  Kisnemsky's  powders  and  were  developed  jointly  with  the  latter. 

This  problem  was  studied  by  O.G.  Filippov,  an  instructor  at  the  Artillery 
Academy,  in  1920-1923. 

Inhibited  powder  is  obtained  from  ordinary  tubular  powder,  whose 
outside  surface  is  coated  with  a  special  nonburning  substance. 

Ifhen  such  a  powder  is  ignited,  only  the  inside  surface  of  the 
grain  burns,  which  surface  increases  in  proportion  to  the  diameters 


ratio  D, 


'0  *  0 
thickness  of  the  tube 


When  the  diameter  of  the  perforation  equals  the 


D0 


■  3  • 


The  resulting  progressiveness  is  greater  than  in  a  Kisnemsky 
grain  with  36  perforations. 
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-  1  v  <  •  *  M 

jj 

i  ^  ^  •*  *«_  i  *  « 

*■  *  **’  *  >  .  / j 

?  ji— .  - 

£  If'; ;  :.-j| 

Kad  j j 


Fig.  37  -  Inhibited  Tubular  Powder. 

Notwithstanding  the  apparent  simplicity  of  this  idea  and  the 
•theoretical  possibility  of  obtaining  high  progressivity,  the  practical 
realization  of  same  was  found  to  be  very  difficult,  because  the 
Inhibitor  layer  must  not  burn  and  must  be  capable  of  protecting  the 
•<mter  tube  surface  from  burning.  At  the  same  time  it  must  be 
sufficiently  strong  to  withstand  abrasion  when  shaken  and  be  strong 
;  enough  not  to  be  torn  off  the  surface  by  the  action  of  the  gases. 

V  The  undesirable  property  of  Inhibited  powders  is  greater  smoking 
When  fired,  due  to  the  disintegration  of  the  Inhibitor  at  the  instant 
'.the  shell  is  ejected  from  the  bore  of  the  gun. 

-  L  t 

\' -  b)  Characteristics  of  inhibited  powders. 

\  •  The  outside  surface  and  ends  of  the  powder  are  inhibited  and 
doi  not  burn. 

\  In  contradistinction  to  an  ordinary  tube,  the  web  thickness  of 
f..an  inhibited  powder  burns  in  one  direction  only  and  should  therefore 
be  denoted  by  e.  rather  than  by  2e^,  which  is  the  usual  designation. 

.  M  Applying  the  general  method,  we  get: 
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^  -  -  Z~ (<i0  ->  2el)2  -  do-72c  "  "  2ci”2d02el.  +  4et^"Tt2c(dO°l  4  el>; 


\cr  -  5  /"(d  +  2ea)2  -  (dQ  +  2e)*j2c  -«2c/"d()e1  +  e2  -<dQe  +  e2)J 

0  y 


W  _  x  _  dQe  4  e 
A,  dOel+  el 


“  +  T- 

ei  do  \ei 


z  +  liz2 
d0 


l  +  % 


+  -  1  - 


■^OCT 


Al 

do 


Comparing  it  with  the  usual  formula  \J/-Xz(l  +  \z),  we  get 


X-  * - — 

n  1  +  X 


c  2Ci  2ci  Dq 

g.A-i  +  2Az-l  +  — -  z ;  6  -  1  +  ~  -  —  . 

s.  d„  *  d0  d0 


When  the  tube  thickness  e^  equals  its  diameter  d  , 
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Bjr  reducing  the  diameter  of  the  perforation  with  the  web  thickness 
remaining  the  same,  the  geometric  progressiveness  can  be  considerably 

increased: 


2;  if. 


-  1  +  2A 


5. 


CHAPTER  V  -  BURKING  RATE. 

Yhe  burning  rate  of  powder  mainly  depends  on  its  properties  and 
temperature,  and  the  pressure  and  temperature  of  the  gases  surrounding 
it. 

Inasmuch  as  the  temperature  of  the  gases  formed  during  burning 
of  powder  as  yet  does  not  lend  itself  to  experimental  determination, 
the  burning  rate  is  usually  expressed  as  a  function  of  its  properties 
and  gas  .pressure  which  is  known  from  experiment  at  any  given  instant 
of  time. 

The  functional  dependence  of  the  burning  rate  u  on  pressure  of 
the  form  u  «  f(p)  is  known  as  the  ’’burning  rale  law,"  and  this 
law  is  expressed  by  various  empirical  formulas  as  given  by  different 
authors  * 

Experimental  determination  of  the  burning  rate  of  powder  is 
possible  on  the  basis  of  a  test  curve  depicting  pressure  as  a  function 
of  time;  this  involves  the  use  of  the  fundamental-relationship  of 
the  geometrical  law  of  burning  giving  the  relation  between  <j/  and 
z  •  e/e^.  . 
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.  For  determining  the  burning  rate,  use  Is  usually  road"  oi  strip, 
plate  or  tubular  powder,  of  uniforsr.  thickness;  its  dimensions  are 
carefully  measured,  the  mean  vjlues  of  2e^ ,  2b,  2c  or  2e^,  D^,  d^, 

2c  are  determined,  the  characteristics  cf  and  X  are  calculated 
(using  the  binomial  formula),  and  a  graph  is  constructed  for  »p«af<z). 

The  powder  is  then  burned  in  a  manometric  bomb  using  a  strong 

t 

igniter,  to  iusure  simultaneous  ignition  along  the  entire  powder 
surface  so  as  not  to  impair  the  initial  dimensions  used  for  calculating 
the  X  and  characteristics . 

The  aualysis  of  the  bomb  test  data  is  conducted  in  the  following 
manner.  , 

Having  obtained  from  the  bomb  test  a  curve  of  pressure  p  as  a 
function  of  time  t,  and  upon  determining  for  this  powder  on  the  basis 
of  the  derived  relationships  the  law  governing  the  variation  of  \p 
with  z  or  e  japd  constructing  the  corresponding^,  z  or  «p ,  e  dia’gram, 
we. can  determine  the  rate  of  burning  u  at  the  given  pressure.  Indeed, 
knowing  the  values  of  p,  we  can  determine  by  means  of  the  general 
pyrostatics  formula  or  from  tables  the  values  of  vp ,  for.  which  we  take 
the  values  of  e  from  the  vp ,  e  diagram.  The  difference  between  the 
neighboring  values  of  e  will  give  the  increment  A  e  for  the  time 
interval  At,  known  from  measurement  of  the  p,  t  curve;  the  Ae/ At 
ratio  gives  the  burning  rate  u  at  p  which,  is  an  average  value  for 
the  given  section.  Thus,  having  at  our  disposal  calculated  data  in 
the  form  of  a  table,  we  can  determine  the  variation  in  the  burning 
rate  and  of  the  given  powder  duo  to  change  of  pressure  p  (Table  1?) . 
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Auxiliary  table  or 
diagram  compiled 
on  the  basis  of 
the  geometric  law 
X  burning 


Table  Derived  from  Test  Data 


ccording  to  Ae 
uxiliary  — 
iagram 


Ae'  - 
-  e*  -0 


Ae"  - 
-  e"  -e' 


Plotting  the  obtained  values  of  u,  pcp  (pcp  -  Pmean 


-  Translator) 


on  a  graph,  we  can  find  the  change  of  u  with  change  of  pressure  p, 
and  thus  determine  the  burning  rate  law. 


F-TS-7;m~EE 


The  formulas  most  often  used  for  determining  the  burning  rate 


are  the  following. 

a)  Vieille's  formula  (exponential  equation) 


u  -  Apv, 


where  A  and  v  depend  on  the  nature  of  the  powder,  and,  in  particular, 
v  may  be  equal  to  unity. 

The  smaller  the  value  of  v  ,  the  less  sensitive  is  the  powder  to 
pressure  changes. 

For  smokeless  powders  Vieille  used  ^  -  2/3,  and  for  ordinary 
black  powders  v  -  l/2.  Our  tests  with  slowly  burning  black  powders 
for  a  time  fuze  gave  the  value  of  v  -  l/5. 

G.A.  Zabudsky  used  V  -  0.93  for  pyroxyline  powders.  Some  authors 
use  <*  1  for  cordites  and  V»  1.07  for  ballistite. 

b)  Binomial  formula 

i 


u  -  a  +  bp. 

k 

it  was  first  used  by  Prof.  S.P.  Vukolov  .(1891-1897)  in  the  Naval 

\  .  T 

Technical  Laboratory,  and  then  by  Volf  (1903)  and  Prof.  I.P.  Grave 
(1904).  Muiraur  employed  this  formula  considerably  later  (1930-1935). 

t 

l 

In  his  thesis  (1904)  I.P.  Grave  14_7  compared  formula  u  -  Apv 
with  formula  u  ■  ap  +  b  by  analyzing  a  large  number  of  bomb  tests 
conducted  by  himself  and  others  and  arrived  at  the  following  conclusion: 
"Both  formulas  can  be  considered  equally  valid  for  expressing  the 
law  governing  the  change  of  burning  rate  under  varying  pressure, 
because  the  mean  errors  obtained  with  the  use  of  these  formulas  are 
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generally  the  same,  and  both  formulas  give  practically  identical 


results 


This  deduction  which  appears  strange  at  first  glance,  namely, 
that  a  parabola  (semicubical)  and  a  straight  line  not  passing  through 
the  origin  give  identically  accurate  results,  can  be  explained  as 
follows. 

The  first  tests  in  bombs  since  the  year  1880  were  conducted  with 
the  use  of  cylindrical  crushers  which  do  not  permit  recording  pressures 
below  300-400  kg/csi2  (fig.  38).  The  test  data  (points)  are  usually 
scattered  to  a  certain  extent  and  do  not  lie  on  a  definite  line.  As 
a  result,  some  of  the  investigators  drew  a  parabola  u  •  Apv  through 
these  points,  and  others  drew  a  straight  line  u  -  ap  +  b  which  does 
not  pass  through  the  origin  of  the  coordinates  (curve  2) . 

The  conclusion  arrived  at  by  Prof.  Grave  confirms  the  fact  that 
both  lines  pass  sufficiently  close  to  the  points  plotted  on  the 
basis  of  tests  at  pressures  exceeding  400  kg/cm  . 

The  relationship  u  ■  f (p)  could  not  be  obtained  experimentally  at 
low  pressures  (  <400  kg/cm^)  at  that  time,  and  the  question  of  the 
true  relationship  continued  to  remain  open. 

c)  Formula  u  -  Ap.  _ _ 

Charbonier  (1908)  first  accepted  the  burning  rate  law  in  its 
general  form  u  «  Ap* ,  and  then,  on  the  basis  of  his  own  analysis  of 
test  curves  p,  t  obtained  in  bomb  tests,  arrived  at  the  conclusion 
that  for  French  strip-type  B  powders  V can  be  taken  equal  to  o  -  1. 
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This  law  was  accepted  also  By  our  Prof.  N.F.  Drozdov  in  his 
thesis  /~15_J7’  in  the  year  1910. 

In  1913,  Schmitz  burned  tubular  powders  in  a  large  Krupp  bomb, 
using  an  elastic  bar  with  an  optical  method  of  recording  pressures 
insteivd^of  a  crusher.  He  succeeded  in  obtaining  a  full  curve  of  the 
pressure  increase  in  the  bomb  from  the  start  to  the  end  of  powder 
burning.  In  order  to  evaluate  the  accuracy  of  either  burning  rate 
law,  he  introduced  a  new  criterion,  and  proved  by  means  of  an  actual 
test  the  justness  of  the  burning  rate  law  in  the  form  u  «  Ap. 


Fig.  38  -  Dependence  of  Burning  Rate  on  Pressure. 

The  criterion  determining  the  justness  of  this  law  confirmed 
by  experiment  is  presented  below. 

Ve  shall  assume  that  the  following  law  holds  true: 

u  -  Ap ; 


since  the  burning  rate  is  a  ratio  between  the  increment  of  the 
burned  thickness  de  and  the  corresponding  time  element  dt,  i.e. 


then 


de/dt  -  Ap; 
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Integrating^  we^et; 


d©  »  e  ®  A  \  pdt  or  \  pdt 


Burning.  terminates  when  thickness  e  is  burned.  The  full  time 


of  burning  will  be  tK,  and  we  will  have: 


■  A  1  pdt 


whence 


.1  pdt 


coast-  (for  the  given  powder) 


Magnitudes  e^  and  A  characterize  the  dimensions  and  nature  of 
powder  and  do  not  depend  on  the  conditions  of  loading. 


It  follows:  that  if  the  burning  rate  law  u  •  Ap  is  correct, 
the  pressure  impulse  of  the  powder  gases  depends  only  on  the  burned 
thickness  of  the  powder,  on  the  burning  rate  coefficient,  and  on 
the  characteristic  properties  of  the  powder,,  and  does  not  depend  on 
the  loading  density. 

Th®  full  pressure  isapulse  during  the  full  time  of  burning  equal! 
half  of  the  thickness  of  the  burning  layer  divided  by  the  burning 


rate  coefficient 


does  not  depend  on  the  loading  density. 
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Fig.  39  -  p,  t  Curves  for  Different  Loading  Densities. 

When  conducting  tests  with  tubular  powder  of  one  kind  in  a  Krupp 
bomb,  with  A  varying  from  0.12  to  0.26,  and  upon  measuring  the  area 
under  the  pressure  curves  p  -■  fvO,  Schmitz  had  found  that  the  areas 

XK 

^  pdt  found  by  experiment  are  actually  equal  to  one  another,  which 
0 

finding  confirms  the  validity  of  the  u  -  Ap  law. 

Figure  39  shows  the  form  and  arrangement  of  p,  t  curves. 

The  greater  the  loading  density,  the  smaller  is  the  burning  time 
and  the  higher  is  the  gas  pressure  p,  t  curve. 

Ware  the  u  ~  de/dt  -  ap  +  b  law  valid,  then,  after  transformation, 
we  would  have: 


de  »  apdt  -t  bdt 

and 

fK  b 

\  pdt  -  ej/a  -  stj,. 

0 

Inasmuch  as  t^  decreases  when  increases,  then,  according  to 
the  u  «  ap  +  b  law,  the  full  gas  pressure  impulse  should  become 
greater  with  increase  of  loading  density. 

When  applying  the  u  «  Apv  law,  where  v>  <  1,  an  analogous 
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deduction  is  obtained. 

Schmitz's  tests  have  shown  that 


pdt  does  not  depend  on  the 


loading  density,  which  served  to  prove  the  validity  of  the  u  -  Ap 
"law. 

‘These  tests  had  attracted  the  attention  of  many  investigators 

*  .  / 

and  provided  data  for  the  verification  of  theoretical  deduction  and 
'Investigations.  The  latter  include  the  work  of  Muiraur  on  the  study 
Of  the  burning  rates  of  colloidal  powders  (1927-1928)  and  of 
calculating  the  amount  of  heat  transferred  to  the  walls  during  burning 
Of  powder  (1924-1925). 

M.S.  Serebriakov's  tests  with  pyroxyline and  nitroglycerine  powders 
confirmed  the  validity  of  the  u  -  Ap  law.  These  tests  will  be 
discussed  in  greater  detail  in  section  III  dealing  with  the  physical 
law  of  burning.  , 

Thus  it  may  be  1  assumed  that  tbe  value  of  u  as  the  rate  of 
penetration  of  the  burning  reaction  inside  the  grain  is  directly 
.proportional  to  pressure,  i.e.,  it  is  expressed  by  the  formula: 

iu  -  Ap. 

d  as  the  ratio  between  the  burning  rate  at 
ate  it  by  Uj)  and  the  magnitude  of  this  pressure 


P  “  1: 


A  •  u./l 


(the  subscript  "l"  iadicates  that  this  burning  rate  refers  to  pressure 
P  •.  1)  •  V 
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This  formula  can  be  rewritten  thus: 


u  -  ®  -  uxp; 


when  p  -  1  u  -  u,  . 

1 

The  dimensionality  of  the  value  of  u^  can  he  seen  from  the 
equality 


UX  -  -  —  :  J££,  I 

P  sec  dm2  I 

1 

i.e.,  this  represents  the  rate  referred  to  unit  pressure.  * 

I 

Similarly  to  powder  energy  f  and  covolume  a,  the  magnitude  Uj  f 

i 

constitutes  a  fundamental  ballistic  characteristic  of  powder  and,  | 

J 

similarly  to  f  and  a,  depends  on  the  physical  and  chemical  properties 
of  the  powder. 

The  value  of  u1  .for  pyroxyline  powders  varies  from  0.0000060  to 
0.0000090  dm/sec  ;  kg/dm2.  The  thicker  the  powder,  the  greater  is 
the  content  of  volatiles  and  the  slower  is  the  burning  of  the  powder. 

The  higher  the  nitrogen  content  in  pyroxyline,  the  more  rapid  is 
the  burning.  In  nitroglycerine  powders  depends  in  the  main  on  the 
nitroglycerine  content  itself,  and  the  greater  its  content  the  more 
rapid  is  the  burning.  The  admixture  of  dinitro-derivativ'es  in 
powders  in  a  nonvolatile  solvent  usually  reduces  the  burning  rate. 

Varying  of  the  content  of  volatiles  by  +1%  lowers  the  burning 
rate  of  pyroxyline  powders  by  10-12%. 

*  The  following  empirical  formula  for  determining  the  burning 

rate  of  pyroxyline  powders,  introduced  for  the  first  time  by  , 
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X.F.  Drozdov  /~1 6_/  in  our  country,  appears  in  American  literature: 


0.00256 


48  <180  —t°)  +  2561  h  +  90S.5h* 


' .•  —  ,  XT/  -■**  >  * 

-where t  69,400  (N  -  6.37)  -  powder  energy  in  kg-m/kg; 


t°  -  temperature  of  ponder; 


h  -  content  of  volatile  substances  in  %,  removed  by  six  hours 
-  of  drying  (moisture) ; 


h  *  content  of  residual  solvent  in  %  -  not  removed  after  six 
hours  of  drying; 


X  -nitrogen  content  in%. 


V 


v  > 


This  formula  clearly  shows  the  effect  of  various  individual 
factors  on  the  burning  rate,  but  does  not  give  sufficient  satisfactory 
results  as  regards  our  own  domestic  powders. 

The  following  formula  is  better  adopted  to  our  pyroxyline  powders 


and  is  more  convenient  for  performing  the  necessary  calculations: 


-  v*'> 


ui  " 


0.175(N  -  6.37) 


mm 


kg 


0.04(220  -  t°)  +  3h  +  h’  8ec  dm" 


0.175  *  10~4(N  -  6.37)  dm 


kg 


0.04(220  -  t°)  +  3h  +  h*  sec  im2 


where  220  in  the  ignition  temperature  of  the  powder; 

a 

l  -  700, 000 (K  -  8.37  kg-dm/k(j). 
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Letan  assuned  o i\  the,  basis  of  the  kinetic  theory  of  gases  that 
the  burning  of^powder  is  a  process  in  which  the  powder  molecules 
are  split  by  the  impact  of  gas  molecules,  and  offers  the,  following 
formula  for  determining  : 


/ 


3 


U1  - 


5  \/~Kc[ 


1  4- 


/ 

/ 


where  g  •  acceleration  of  gravity; 

S  -  physical  density  of  powder; 


c  «  probable  velocity  of  molecules  of' gases  formed  in  burning 


P 


of  powder; 


c^  -  velocity  of  active  gas  molecules,  whose  kinetic  energy  is 
sufficient  to  split  off  at  least  one  molecule  when  the 
surface  of  the  powder  undergoes  an  impact. 

c^  and  c ^  depend  on  the  nature  of  the  powder  and  of  the  gases 

formed  during  its  combustion. 

Schraitx  had  conducted  his  tests  at  loading  densities  A  of  from 
0.12  to  0.26.  Later  tests  had  shown  that  at  very  low  loading  densities 

tjj 

(&  ^0.015)  the  integral  ^  pdt  is  a  linearly  decreasing  function  of 

0 

time: 


^  pdt  -  SQ  -  Tft. 


As  was  shown  above,  such  a  relationship  is  obtained  under  the 
burning  rate  law  u  «•  sp  +  b. 
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In  the  tests  conducted  by  Srf.E.  Serebriakov  /  bJJ  and  A. I.  Kokhanov 

t  g 

it  was  shown  that  the  integral  (  pdt  changes  with  increase  of  the 

V 

*  tine  of  burning  only  in  the  case  of  powders  of  considerable  thickness 

•  j(2ej  >  0.5);  in  the. case  of  very  thin  powders,  the  full  impulse,  even 
lit  low  loading  densities,  does  not  depend  on  the  loading  density. 

This  shows  that  the  speed  of  the  process  governing  the  heating  of  the 
entire  powder  mass  is  of  importance,  and  that  the  increase  of  the 
powder  temperature  increases  the  burning  rate  u  and  reduces  the  value 
of  the  integral 

pdt  »  ej/u^. 

0 

In  order  to  determine  the  effect  of  heating  on  the  burning  rate 

of  powder  under  a  given  constant  pressure,  tests  were  conducted  with 

powder  strips  burned  at  different  temperatures  in  open  air.  It  was 

found  that  the  time  of  burning  of  a  strip  of  a  given  length  varies 

from  14.1  seconds  at  t  -  15°C  to  9.4  seconds  at  t  -  50°C,  and  hence 

the  rate  of  burning  increases  1  l/2  times.  The  integral  ^jpdt  “  Pa  *  t 

was  reduced  in  the  same  proportion,  where  pa  is  atmospheric  pressure. 

The  effect  of  heating  on  the  burning  rate  of  powder  can  be 

confirmed  by  the  following  tests. 

If  several  charges  of  the  same  density  are  burned  in  succession 

in  a  bomb  without  cooling,  the  latter  becomes  quite  hot.  The  powder 

inside  the  bomb  becomes  heated  also,  because  the  time  between  charging 

and  the  end  of  burning  is  considerable  (several  minutes) .  The  value 

of  the  integral  becomes  smaller  with  each  successive  test,  which 
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condition  points  at  an  increasing  rate  of  burning  for  the  same 
powder  thickness. 

These  tests  permit  tne  conclusion  that  the  reduction,  of  the 
integral  I  ^  with  decrease  of  A  for  thick  powders  when  A  <0.10  is 
the  result  of  heating  of  the  powder  mass  under  the  condition  of 
relatively  slow  burning,  whereby  the  degree  of  heating  and  hence  the 
increase  in  the  value  of  u,  is  the  greater,  the  smaller  the  value  of 
A,  i.e.,  the  slower  is  the  burning  of  the  powder  at  low  pressures. 

Inasmuch  as  the  integral  of  I decreases  with  the  decrease  of  A, 
the  above  will  be  theoretically  valid  if  the  burning  rate  laws  u  -  Ap^ 
and  u  «  ap  +  b  are  adhered  to.  Tests  conducted  by  L E.  Serebriakov 
(1932)  with  powders  with  hard  solvents  showed  that  at  pressures 

A 

pm  >  1000  kg/cm  the  linear  law  u  •  Ap  can  be  applied  to  determine 

2 

the  burning  rate,  and  that  at  pressures  pm  <1000  kg/cm  the  law 

0 » 82 

expressed  by  the  formula  u  -  A^p  *  will  apply. 

\ 

In  analyzing  later  tests  conducted  by  Prof.  Yu.  A.  Pobedonostsev 

in  bombs  with  nozzles  at  very  low  pressures  (5  to  250  atm).  Prof. 

O  7 

Ya.M.  Shapiro  arrived  at  the  relationship  u  «  0.37  p  which, 
seemingly,  is  contradictory  to  the  relationship  u  -  Ap. 

Actually,  as  was  shown  above,  the  decrease  of  the  integral  ^pdt 

at  small  values  of  A  can  be  explained  also  when  applying  the  u  «  ujp 

» 

law  by  the  increase  of  the  burning  rate  ui  due  to  heating  of  the 


powder.  This  explanation  '^is  founded  on  the  theory  of  Prof.  Ya.B. 
Zeidovich  mentioned  earliei^. 

In  any  case  a  mere  accurate  evaluation  of  either  expression  for 
the  burning  rate  law  requires  further  investigations  (see  Section  III). 
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Inasmuch  as  powders’ in  Run  barrels  burn  under  high  pressures 
and  under  high  loading  densities,  the  following  burning  rate  law  may 
be  considered  valid  for  such  powders: 


Going  back  to  the  formula  for  expressing  the  rate  of  gas  formation, 
we  can  now  write  it  as  follows: 


11  -  !i  JL  „.p 

dt  4  Sx 


or 


\ 


(31) 


x  S  X 

’-L  •=  —  Wi  — P  -  —  *P, 

dt  Oj  sx  IK 


(32) 


where  Ei  and  JL  depend  on  the  geometry  of  the  powder; 

*1  S1  ' 

.  .u  _  is  the  burning  rate  of  powder  when  p  ••  1 ;  it  characterizes 

-1.  the  nature  of  the  powder  and  the  degree  to  which  it  is  heated; 

p  is  the  pressure  at  which  the  powder  is  burned;  it  characterizes 
the  influence  of  the  surrounding  medium  on  the  powder  and 
depends  on  A,  f,  a ,  £  ,  ^  . 

CHAPTER  VI  -  PRESSURE  VARIATION  AS  A  FUNCTION  0?  TIME 
Ve  have  derived  above  the  following  formulas:  a)  a  formula  for 
determining  the  rate  ,of  gas  formation 


dt  - 

Sj  s 

- U]Lp  - 

*.  Vp  -  *-  ep 

(33) 

1 

i 

dt 

*1  S1 

*1 
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and  b)  the  general  pyrostatics  formula  which  lakes  the  igniter  into 


account 


✓ 


(34) 


where  A, 


- 1  -t-a 


1 

3  -  6 


r 


is  the  relative  free  space  in 


the  bomb  in  which  the  powder  is  burned. 

It  is  necessary  to  determine  the  dependence  of  the  pressure  change 
on  time  when  the  powder  is  burned  in  a  constant  volume,  i.e.,  to  give 


an  analytical  expression  for  the  relationship  between  p  *»  f(t>, 
dp/dt  and  the  full  time  of  burning  tj(. 

Differentiating  equation  (34)  with  respect  to  t,  we  get  after 
simple  transformations: 


1  -  is  the  value  of  A^  at  the  start  of  burning; 

1  -  aA  the  same  at  the  end  of  burning, 

1  -  j  >  >1  -  a  a  . 

It  may  be  assumed  with  sufficient  accuracy  for  practical  purposes 
that  when  »|>Cp  •  l/2 
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(»-*) 


(1  -  a  M 


tcp 


1. 


A 


tcp 


Then, . naming  use  of  the  relation  (33),  we  get: 


fA 


dp  fA  dy  -  _ 

dt  1  -  aA  dt  1  -  a  A.  ej 


U1 

—  yep, 


(35) 


In  order  to  simplify  further  derivations,  we  shall  consider  a 
-powder  whose  surface  area  changes  little  when  burned,  so  that  it  may 
be  assumed  that  •  <*.,-  -  const* 

_ 1 _ _ _ . _ *  «, _ _ _  .  CF 


c 


To.  such  powders  belong  the  tube  and  the  strip,  for  which  the 
binomial  relationship  'l'«Kz(l  +  Xz)  is  valid,  whereby  for  the  end 
of  burning  (z  «  1,  1)  , 

1  -  X  (1  +  X); 


-  L+A+JL*  -  1  +  X* 
CP  2 


Therefore 


*<*cp  -  *  (1  +  X)  -  1, 


and  for  tubular  or  (to  a  lesser  degree)  strip  powder 


dp  _  its  «] 
dt/  i  -  a  A  e. 


P  • 


»n  ~  pB 

Ik  “ 


(36) 
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We  shall  introduce  the  designation 


_JL  1  ~ 

f  A 


/"sec_7; 


pm  “  PU 


then 


dp  m  P_ 
dt  r 


Upon  separating  the  variables: 


dp  _  dt 

P  r 


Integrating,  we  get 


P  .  t  | 

(  SE  .  ±  d.  or  lnlJi, 
3  P  *  J  PB  r 

pB  0 


whence  on  the  one  hand 


t  -  2.303rlog  — 
PB 


and  for  the  end  of  burning 
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PB1 

2.303  t  log  — ; 

pB 


* 

•*-*■*•  «&*_  1 


'v&ST 


^i>jg*»gB|gBars»gg%sgse^  - 


on  the  other  hand 


t 

t 


4- -  e 
Pa  ' 

i 

end  tor  the  end  of  burning 


t 

r 


or  p  -  pBe  , 


(41) 


■a; 

w  , 


m. 


1 


1 

r 


P»  *  PBe 


Thus,  all  the  required  relationships  are  derived: 

t 

x 


(42) 


0 


P  -  PBe  ; 
Pm 

tK  -  2.303 t  log  —  ; 

Pfi 


dp  P»  ~  PB  fA  U1 

—  -  -  p  - - p; 

dt  Ij^  1  —  ctA  e. 


t  ■ 


P„  **  PB 


'  The  magnitude  r  « 


li  1  ~ 

i,  f  A 


CsezJ- 


*1 


ul(Psa  ~  PB*  un 


constitutes  the  burning  time 


u. 


0 


of  the  powder  if  it  burned  at  constant  pressure  pa  -  pB  throughout. 

The  full  time  of  burning  at  a  given  loading  density  is  proportional 
to  *  and  log  P„/p8,  in  other  words,  it  is  directly  proportional  to  the 

F-TS-7327-RE 


thickness  of  the  powder  and  inverse! >  proportional  to  the  eiK»rg>  of  the 
powder  f  and  rate  of  burning  u^,  and  decreases  with  the  increase  of 
A  and  p_,  (since  the  value  of  p  in  the  denominator  of  r  is  more 
effective  than  in  the  nunerator  tinder  the  logarithm);  it  also  decreases 
with  the  increase  of  the  igniter  pressure  p„. 

y  ^  -  • 

For  tubular  powder  the  relation  p  -  f(t)  serves  as  a  characteristic 
curve,  whose  slope  angle  (dp/dt  -  tan<f  )  must  continuously  increase 
in  proportion  to  the  gas  pressure  during  the  entire  combustion  process, 
the  rate  of  increase  being  the  higher,  the  greater  are  the  values  of 
f,  &,  u,  and  the  smaller  the  powder  thickness  .  At  the  end  of 

burning  the  slope  angle  must  be  maximum  (see  figs*  39-42) . 

\ 

We  shall  derive  the  relation  for  the  powder  gas  pressure  impulse 
on  the  basis  of  formula  (41) 


1) 


*Cp  ”  Pb> 


fi  p  -  p» 

U1  Pm  "  PB  * 


(43) 


For  the  end  of  burning  p  «  Pm  and 


0 


(44) 


The  derived  formulas  confirm  the  general  laws,  of  powder  burning 
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/  »nd  show  that  the  pressure,  the  time  lor  complete  combustion  and  the 
rate  of  pressure  increase  depend  on  the  ballistic  characteristics  and 
density  of  loading.  Thus,  it  is  precisely  the  ballistic  characteristics  , 


i 


f>a*  u1#  the  shape  and  dimensions  of  the  powder  (*  ,  <3,  6l)  and  the 
loading  density  ^  that  can  be  used  to  control  {he  magnitude  and  rate 
of  pressure  increase  of  the  gases  evolved  during  the  burning  of 
po*der  in  a  constant  volume  and  to  regulate  the  phenomenon  of  powder 
burning  and  gas  formation. 

Example.  Determine  the  maximum  pressure  and  time  of  burning  of 
tubular  powder  (2eA  -  1,00  mm)  when  A-  0.25; 


/ 


f  -'900,000.  kg-dm/kg;  a  -  1.00  dm3/kg; 


y 


u*  -  0.0000075  dm/sec  :  kg/dm2,  igniter  pressure  pB  -  50  kg/cm2; 


Pg  + 


fA 


1  -  a& 


5°0°  +  ~-?00  *  °"'5  «  305,000  kg/dm2  -  3050  kg/cm2; 
1  -  1.0  •  0.25 


.  _  el  .  0.005  _  .  o 

*K  “  ..  *  7  ^ _ -  667  kg/dm"  •  sec. 


ux  0.0000075 


r- 


667 


-P*  ~  Pg  300000 


P» 


-  0.002223  sec; 


3050 


H  *  *-303t  l0*  “  -  2-303  •  0.002223  log  .  2.303  .  0.002223  . 

PB  50 
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•  1.7853  -  0.00913  sec. 
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Curves  p  -  pye  fo'r  the  given  powder  will  have  the  following 


form: 


a)  at  different  A  and  the  same  pg  (fig.  40) 

n  *»  * » 

JK  lK  *K 

(  pdt  -  ^  pdt  -  ^  pdt 

0  0  0 


b)  at  the  same  A  and  different  pg  (fig.  41) 


>rt  • 


P»  “  Ptt  "  PB  “  pB;  Pm  -  Pm  "  PB  "  PB 


•  ft 


K  r  r 

V  pdt  »  \  pdt  •  \ 

0  0  6 


pdt , 


\  * 


/’V' 
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Fig.  40  -  p,t  Curves  at  Different  Fig.  41  -  p,  t  Curves  at  Different 
Values  of  a  and  the  Sane  Value  of  Values  of  pB  and  the  Same  Value  of 

Pg .  A . 


M  *** 


For  powders  of  the  same  kind  but  varying  thickness  e^,  <  <e^ 

at  the, same  loading  density  and  the  same  igniter  pressure  pB,  curves 

p,  t  will  have  the  fora  shown  in  fig.  42,  where 
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;.-v„;K<V-.,iI*»e4  burning  powder  in  small  bombs  of  limited  elongation  (ratio 

*  “  *.  - 

length  of  bomb  and  its  diameter  not  exceeding  2-3),  the  curves 
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3  increase -are  gradual  in  character. 


'  '  If  ,“>r6wever,  the  powder  is  burned. in  a  long  bomb  (lm  long  by 

,22m*  in  dia.)  with  the  powder  concentrated  at  one  of  its  ends,  the 

A.V)  --  ■■  ‘  '  . 

pressure  increase  recorded  by  a  meter  takes  the  shape  of  a  wave,  in 

'  V  .  . 

the  case  of  thin  powders  this  condition  obtains  at  relatively  low 
loading  densities,  of  the  order  of  0*05-0.075.  and  in  the  case  of 
thick  powders,  when  a  is  of  the  order  of  0.20-0.25.  As  the  loading 
density  is  increased,  the  growth  of  the  pressure  recorder  by  the 
crusher  increases  also:  thus,  at  a  »  0.20,  for  powders  ~0.3  mm  thick, 
the  Maximum  pressure  varied  from 2200-23001  to  7500  . kg/cm2;  in  the 
case  of  thick  powders  at  the  same  value  of  A  the  pressure  was  found 

to  be  ^4000  kg/cm^.  1 
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Fig.  42  -  p,  t  Curves  at  Various. Values  of 
ej,  and  a  Constant  Value  of  A. 

If  the  crusher  cones  are.  placed  at  the  ends  of  a  long  bomb  and 
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the  powder  is  ignited  from  the  side  at  one  of  the  ends,  the  curves 
of  the  pressure  growth  at  both  ends  will  appear  wave-like  in  form 
if  the  charge  is  not  distributed  uniioiuily,  whereby  the  maximum  of 
one  curve  will  correspond  to  the  minimum  of  the  other  at  the  same 
instant  of  time.  These  tests  show  that  a  wave-like  process  of  pressure 
distribution  occurs  in  a  bomb,  where  the  pressure  waves  are  reflected 
from  one  end  of  the  closed  pipe  to  the  other. 

All  of  the  tests  described  above  were  conducted  by  Vieille  In 
a  special  long  bomb,  using  cylindrical  crushers  for  recording  the 
pressure  growth  at  both  ends.  We  had  verified  Vieille's  deductions 
on  a  similar  test  set-up  using  conical  crushers. 

When  the  charge  concentrated  at  one  end  of  the  bomb  is  ignited, 
a  localized  pressure  increase  occurs  due  to  gases  becoming  separated 
or  detached  from  the  burning  surface.  This  pressure  increase  is 
the  greater,  the  larger  the  surface  area  of  the  charge,  i.e.,  the 
thinner  the  powder.  Due  to  the  action  of  the  localized  pressure,  the 
gases  begin  to  move  to  the  opposite  end  of  the  bomb  in  the  form  of 
a  stream  whose  rate  of  flow  increases  rapidly,  thus  tending  to  form 
a  vacuum  at  the  point  of  the  start  of  burning.  Upon  reaching  the 
opposite  end,  the  gas  stream  will  stop  abruptly  at  its  forward  end 
and  its  kinetic  energy  will  be  expended  in  compressing  thi-s  part  of 
the  bomb  until  the  pressure  developed  in  it  exceeds  the  pressure  at 
the  place  occupied  by  the  charge.  The  movement  of  the  stream  will 
then  be  reversed  and  the  burning  of  the  charge  will  proceed  more 
intensely  under  the  pressure  of  the  gas  stream,  creating  once  again 
a  localized  pressure  increase.  This  phenomenon  will  then  be  repeated. 
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At  the  end  of  burning  of  the  charge  the  phenomenon  takes  on  the  * 


mm 

ff®: 


character  of  a  damped  oscillating  gas  motion  inside  the  bomb^ 


Similar  conditions  may  occur  in  the  bore  of  a  gun  barrel.  There- 


tv:r  “tore*  when  the  loading  density  is  low  and  the  chamber  is  not  completely 


^  f  illed  with  powder,  is  recommended'-tc^  uniformly  distribute  the 
V  charge  along  the  entire  length  of  the  chamber. 
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